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ABSTRACT 
The development of ultra-long (UL) cavity (hundreds of meters to several 
kilometres) mode-locked fibre lasers for the generation of high-energy light 
pulses with relatively low (sub-megahertz) repetition rates has emerged as a new 
rapidly advancing area of laser physics. The first demonstration of high pulse 
energy laser of this type was followed by a number of publications from many 
research groups on long-cavity Ytterbium and Erbium lasers featuring a variety 
of configurations with rather different mode-locked operations. The substantial 
interest to this new approach is stimulated both by non-trivial underlying physics 
and by the potential of high pulse energy laser sources with unique parameters 
for a range of applications in industry, bio-medicine, metrology and 
telecommunications. 
It is well known, that pulse generation regimes in mode-locked fibre lasers 
are determined by the intra-cavity balance between the effects of dispersion and 
non-linearity, and the processes of energy attenuation and amplification. The 
highest per-pulse energy has been achieved in normal-dispersion UL fibre lasers 
mode-locked through nonlinear polarization evolution (NPE) for self-mode-
locking operation. In such lasers are generated the so-called dissipative optical 
solitons. The uncompensated net normal dispersion in long-cavity resonators 
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usually leads to very high chirp and, consequently, to a relatively long duration 
of generated pulses.  
This thesis presents the results of research Er-doped ultra-long (more than 
1 km cavity length) fibre lasers mode-locked based on NPE.  
The self-mode-locked erbium-based 3.5-km-long all-ﬁber laser with the 
1.7 µJ pulse energy at a wavelength of 1.55 µm was developed as a part of this 
research. It has resulted in direct generation of short laser pulses with an ultra-
low repetition rate of 35.1 kHz. The laser cavity has net normal-dispersion and 
has been fabricated from commercially-available telecom ﬁbers and optical-ﬁber 
elements. Its unconventional linear-ring design with compensation for 
polarization instability ensures high reliability of the self-mode-locking 
operation, despite the use of a non polarization-maintaining ﬁbers. 
The single pulse generation regime in all-fibre erbium mode-locking laser 
based on NPE with a record cavity length of 25 km was demonstrated. Mode-
locked lasers with such a long cavity have never been studied before. Our result 
shows a feasibility of stable mode-locked operation even for an ultra-long cavity 
length.  
A new design of fibre laser cavity – “-configuration”, that offers a range 
of new functionalities for optimization and stabilization of mode-locked lasing 
regimes was proposed. This novel cavity configuration has been successfully 
implemented into a long-cavity normal-dispersion self-mode-locked Er-fibre 
laser. In particular, it features compensation for polarization instability, 
suppression of ASE, reduction of pulse duration, prevention of in-cavity wave 
breaking, and stabilization of the lasing wavelength. This laser along with a 
specially designed double-pass EDFA have allowed us to demonstrate an 
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environmentally stable all-fibre laser system able to deliver sub-nanosecond 
high-energy pulses with low level of ASE noise. 
 
Keywords 
Ultra-long fibre laser, dissipative solitons, passive mode-locking, ultra-short 
pulse.  
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1. Introduction. 
 
Nowadays, lasers have become ubiquitous devices equally important in 
fundamental science, engineering technologies and in a range of practical 
applications. In the last decade there has been a revolutionary progress in laser 
science fuelled by advances in high-power systems, ultra-short pulse lasers and 
oscillators with high pulse energy. The progress was driven by a variety of new 
important applications that these advanced laser systems can open-up. This 
expansion has been facilitated by continuous advances in material science, 
achievements in technology and by the improvement in our understanding of the 
fundamental laser principles and physical effects underlying the operation and 
performance of new types of lasers.   
Solid-state and fibre femtosecond lasers is the base of such high-power 
ultra-short pulse systems. These lasers have wide linear spectra due to generating 
large numbers of equidistant longitudinal locking modes and this spectrum can 
extend from infra-red to ultraviolet. Correlated with reference frequency 
standard such frequency comb can be used as reference frame for precision 
spectroscopic measuring and optical methods of different physical value 
measuring and also for transfer characteristics of optical standards in the radio-
frequency region for optical clock realization [1, 2]. 
As compared with traditional lasers based on bulk elements fibre 
femtosecond lasers are more compact and reliable and have a higher coefficient 
of efficiency. The central wavelength of fibre erbium lasers lies in the spectral 
range 1,5 – 1,6 um which is traditional for fibre-optic communication line. Of a 
special interest are all-fibre femtosecond lasers without precision 
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optomechanical elements, because the cavities of such lasers are not subjected to 
misalignment due to vibrations, mechanical and thermal relaxation processes. 
Therefore the mode-locking regime in all-fibre femtosecond lasers is very stable 
[2, 3]. 
 The recent rapid development of the physics and technology of fibre lasers 
as well as vast expansion of their application areas greatly stimulate the quest for 
and the study of more advanced operational modes of such lasers, including 
generation of ultra-short and high-energy pulses. Since the invention of the laser 
researchers have continuously strived to generate shorter laser pulses. 
Simultaneously achieving a short duration and high pulse energy is, certainly, 
more challenging than improving one of these parameters independently.  
However, it is this combination that becomes increasingly important in a wide 
range of scientific, technological, medical, and other applications. High energies 
and ultra-short pulse durations are both associated with high field intensity that 
often makes physical system nonlinear. In fibre lasers, there are specific 
properties relevant to both shortening of the pulse duration and increasing their 
energy. The main obstacles on the road to shorter pulses are a relatively high 
dispersion and non-linearity of fibre resonators. In addition, the path to high-
energy ultra-short pulses is, typically, further complicated by relatively low 
energy damage thresholds of the standard fibre components, such as splitters, 
isolators, and others. While the effects of dispersion can be compensated by 
different rather advanced means, the nonlinear effects in fibre are much more 
difficult to control. Thus, nonlinearity plays a critical role in the design of 
advanced fibre laser systems, but paradoxically, it is somewhat undesirable to 
many engineers because of its very limited tractability. Substantial efforts have 
been made to reduce resonator nonlinearity, e.g. by using large mode area fibres 
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and this direction presents an important modern trend in laser technology. On the 
other hand, the understanding and mastering of nonlinear physical fibre systems 
has the potential to enable a new generation of laser concepts. Therefore, it is of 
great importance to study physics and engineering design of laser systems based 
on nonlinear photonic technologies. In particular, new nonlinear concepts and 
solutions pave a way for development of advanced mode-locked fibre lasers with 
ultra-short high-energy pulses. 
 Presently, passive mode locking is one of the key methods of ultra-short 
pulse (USP) generation. As recently as few years ago, femto- and pico-second 
pulses extracted directly from the master oscillator operating passive mode-
locking regime had relatively low energies, typically, not exceeding at few 
dozens of nJ and some special cases hundreds of nJ. In order to radically boost 
the pulse energy, additional optical amplifiers were used or, indeed, completely 
different method of short pulse generation, Q-switch was employed, which 
allowed considerably higher per-pulse energy, albeit at the expense of longer 
duration, typically, over several nanoseconds and more []. 
 The combined Q-switching and mode-locking in one cavity has also been 
successfully employed for generation of high-energy pulses of laser radiation 
(Lin et al 2008, Jabczyński et al, 2006). Another way to increase per-pulse 
energy of output radiation is the cavity dumping technique (Johnson et al, 1976), 
which can be used in all the mentioned above types of lasers. In the cavity 
dumping method, in order to increase intra-cavity pulse energy, it is used a 
multi-path closed resonator, into which a so-called cavity dumper is inserted that 
allows picking single high-energy pulses out of the cavity at a frequency lower 
than the original pulse repetition rate. More powerful pump sources may also 
increase per-pulse energy in passively mode-locked lasers, but this may be 
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achieved with certain combinations of pulse and cavity parameters only 
(Akhmediev et al, 2008; Chang  et al, 2008). Another method traditionally 
utilised in most high-energy laser systems of different types relies on extra-
cavity optical amplification. 
Compared to Q-switching and cavity dumping techniques, mode-locked 
lasers allow a post-compression of output pulses, making possible generation of 
ultra-short optical pulses with high energy [4-23].The length of the resonator is, 
indeed, an important design parameter in mode-locked laser being responsible 
for repetition rate of generated pulses and their per-pulse energy. Higher per-
pulse energy pE of the output in mode-locked lasers (at the same average power 
aveP of radiation) may be achieved by direct extension of the laser cavity, since 
cnLPTPE aveRavep /  (c is the speed of light, n-refractive index) - pulse energy is 
directly proportional to cavity length L  and round trip time RT , while the 
repetition rate is inversely proportional to the resonator length.  
On the Fig. 1 is showed pulses train of two fibre mode-locked lasers with 
different length but with the same average output power. The upper pulses train 
corresponded to the laser with shorter cavity length. While the second laser can 
has more pulse duration due to higher the intracavity dispersion this laser has 
higher pulse energy due to higher the cavity length. This technique has 
following advantages: 
1. More pulse stability. 
2. Low repetition rate. 
3. Shorter pulse duration. 
4.  Ease of realization in fibre lasers. 
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Fig. 1. Explaining of increasing pulse energy by extension of the cavity length of mode-locked 
laser. 
 
In the case of CW fibre lasers, it has been recently demonstrated that 
resolvable resonator modes can be observed in a cavity as long as impressive 270 
km [24]. However, the underlying physics of operation of mode-locked fibre 
lasers is very different from stable operation of CW fibre lasers. The extension of 
the cavity length and corresponding increase of per-pulse energy in long mode-
locked lasers is a challenging physical and engineering problem. First 
experiments demonstrated stable passive mode locking in relatively long 
resonators with lengths up to 100 m and 400 m were carried out with solid-state 
[25] and with fibre [27-27] lasers. The reduction of the pulse repetition rate by 
the order of magnitude down to a few MHz scale and the corresponding increase 
of per-pulse energy by the same factor (at the fixed average output power) have 
been demonstrated.  
The next level was achieved in the breakthrough works [4] in mode-lock 
fibre lasers with a several km cavities. Other examples of passive mode locking 
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in fibre lasers with > 1 km resonators have been demonstrated in the subsequent 
works[6-9, 11, 12, 15]. Such a dramatic elongation of the laser resonator led to 
more than two orders of magnitude increase in the output pulse energy at the 
same pump power. At ultra-low (for mode-locked lasers) pulse repetition rate 
(37 kHz) and pulse duration of 10 ns, the energy per pulse reached 4 μJ in 8 km 
(optical length) fibre laser cavity [5].  
The first demonstration of high pulse energy laser of this type [4] was 
followed by a number of publications from many research groups on long-cavity 
Ytterbium and Erbium lasers featuring a variety of configurations with rather 
different mode-locked operations [5-23]. 
Nowadays, the development of long-cavity (hundreds of meters to several 
kilometers) passively mode-locked fibre lasers for the generation of high-energy 
light pulses with relatively low (sub-megahertz) repetition rates has emerged as a 
new rapidly advancing area of laser physics. The substantial interest to this new 
approach is stimulated both by non-trivial underlying physics and by the 
potential of high pulse energy laser sources with unique parameters for a range 
of applications in industry, bio-medicine, metrology and telecommunications. 
At present, the highest pulse energy achieved in long-cavity fibre lasers 
was demonstrated in systems, exploiting the effect of nonlinear polarization 
evolution (NPE) for self-mode-locking operation. In lasers of this type, the pulse 
energy of several microJoules was demonstrated [4, 6, 13, 16] without using any 
traditional methods such as Q-switching or cavity dumping techniques. In lasers 
using saturable absorbers, e.g. conventional semiconductor saturable absorber 
mirrors (SESAMs) [7-9, 22] or substances based on carbon nano-tubes [10, 17], 
the maximal pulse energy does not exceed several dozens of nanoJoules. This 
can be explained both by limited modulation capabilities of these absorbers and 
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by the peculiarities of the dynamics of pulsed generation in high-energy long-
cavity fibre lasers. Long-cavity pulsed fibre lasers based on the non-linear 
optical loop mirrors (NOLM) also feature relatively small pulse energies [5,23]. 
It is well known, that pulse generation regimes in mode-locked fibre lasers 
are determined by the intra-cavity balance between the effects of dispersion and 
non-linearity, and the processes of energy attenuation and amplification. In case 
when the dissipation plays a decisive role in the pulse dynamics, e.g. in fibre 
lasers with normal intra-cavity dispersion, it is possible to generate the so-called 
dissipative optical solitons [28-30].  The combination of dissipative soliton 
lasing and laser cavity lengthening makes possible a considerable increase in the 
pulse energy with a corresponding reduction in the repetition rate, at the same 
time preserving stable mode-locking operation with one pulse per cavity period. 
On the other hand, the uncompensated net normal dispersion in long-cavity 
resonators usually leads to the high chirp [10, 11] and, consequently, to a 
relatively long duration of generated pulses. Moreover, long-cavity normal-
dispersion fibre lasers mode-locked via NPE may tend to a noise-like regime 
generating double-scale optical lumps [31] with a smooth bell-shaped envelope 
and stochastic ultra-short pulsed filling, unless a careful adjustment of the laser 
system parameters is implemented. In all cases the observed duration either of 
single pulses or double-scale lumps in long-cavity pulsed lasers with normal 
dispersion varies from few to dozens of nanoseconds. Recently proposed and 
theoretically studied method of extra-cavity dispersive compression of output 
pulses of such lasers opens a prospect of producing pulses with sub-nanosecond 
duration without significant reduction in their energy [32]. 
In long-cavity mode-locked fibre lasers with anomalous dispersion [5, 12, 
14, 17] it is possible to generate substantially shorter, typically, picosecond scale 
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pulses. However, their energy is low, typically not exceeding 20 nJ. Further 
energy growth is limited by nonlinear effects leading to pulse decomposition and 
transition to multi-pulse generation mode. The related limitations of pulse 
shaping in anomalous-dispersion mode-locked fibre lasers are explained in [2] 
and [Ошибка! Источник ссылки не найден.]. Nevertheless, with a proper 
resonator management, as demonstrated recently, it is feasible to generate high-
energy pulses even in long-cavity fibre lasers with anomalous dispersion. 
However, these high-energy pulses possess properties similar to those of 
dissipative solitons and have a relatively long (nanosecond) duration as well [19, 
20]. 
The development of novel types of long-cavity mode-locked fibre lasers 
for the low-repetition-rate generation of wave-breaking-free high-energy pulses 
with sub-nanosecond duration presents significant challenge with great potential 
for a range of applications. 
This thesis presents the results of research Er-doped ultra-long (more than 
1 km cavity length) fibre lasers mode-locked based on NPE. 
1. We have developed self-mode-locked erbium-based 3.5-km-long 
all-ﬁber laser with the 1.7 µJ pulse energy at a wavelength of 1.55 µm. It has 
resulted in direct generation of short laser pulses with an ultra-low repetition rate 
of 35.1 kHz. The laser cavity has netnormal-dispersion and has been fabricated 
from commercially-available telecom ﬁbers and optical-ﬁber elements. Its 
unconventional linear-ring design with compensation for polarization instability 
ensures high reliability of the self-mode-locking operation, despite the use of 
nonpolarization-maintaining ﬁbers. 
2. We have demonstrated single pulse generation regime in all-fibre 
erbium mode-locking laser based on NPEwith a record cavity length of 25 km. 
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Mode-locked lasers with such a long cavity have never been studied before. Our 
result shows a feasibility of stable mode-locked operation even for an ultra-long 
cavity length.  
3. We have proposed a new design of fibre laser cavity – “-
configuration”, that offers a range of new functionalities for optimization and 
stabilization of mode-locked lasing regimes. This novel cavity configuration has 
been successfully implemented into a long-cavity normal-dispersion self-mode-
locked Er-fibre laser. In particular, it features compensation for polarization 
instability, suppression of ASE, reduction of pulse duration, prevention of in-
cavity wave breaking, and stabilization of the lasing wavelength. This laser along 
with a specially designed double-pass EDFA have allowed us to demonstrate an 
environmentally stable all-fibre laser system able to deliver sub-nanosecond 
high-energy pulses with low level of ASE noise. 
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2. Laser physics. 
 
There are several basic techniques for the pulse generation. The main 
methods are the Q-switching, the cavity dumping and the mode-locking. 
Consider these methods in more details. 
 
2.1. Q-switching 
 
Q switching is a technique for obtaining energetic short (but not 
ultrashort) pulses from a laser by modulating the intracavity losses and thus 
the Q factor of the laser resonator. The technique is mainly applied for the 
generation of nanosecond pulses of high energy and peak power with solid-
state bulk lasers [1]. 
Q-switching is achieved by putting some type of variable attenuator inside 
the laser's optical resonator. When the attenuator is functioning, light which 
leaves the gain medium does not return, and lasing cannot begin. This 
attenuation inside the cavity corresponds to a decrease in the Q factor or quality 
factor of the optical resonator. A high Q factor corresponds to low resonator 
losses per round trip, and vice versa (Fig. 1). The variable attenuator is 
commonly called a "Q-switch", when used for this purpose. 
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Fig. 2.1. Operation of a Q-switched laser. Variation of the population threshold Nt 
(which is proportional to the resonator loss). The pump parameter No, the population 
difference N(t), and the photon number (t). 
 
The generation of a Q-switched pulse (sometimes called a giant pulse) 
can be described as follows [1, 2]: 
 Initially, the resonator losses are kept at a high level. As lasing 
cannot occur at that time, the energy fed into the gain medium by the pumping 
mechanism accumulates there. The amount of stored energy is often limited only 
by spontaneous emission (particularly for continuous pumping), in other cases 
(with strong enough gain) by the onset of lasing or strong ASE, if not simply by 
the pump energy available. The stored energy can be a multiple of the saturation 
energy. 
 Then, the losses are suddenly (with active or passive means, see 
below) reduced to a small value, so that the power of the laser radiation builds up 
very quickly in the laser resonator. This process typically starts with noise 
from spontaneous emission, which is amplified to macroscopic power levels 
within hundreds or thousands of resonator round trips. 
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 Once the temporally integrated intracavity power has reached the 
order of the saturation energy of the gain medium, the gain starts to be saturated. 
The peak of the pulse is reached when the gain equals the remaining (low) 
resonator losses. The large intracavity power present at that time leads to further 
depletion of the stored energy during the time where the power decays. In many 
cases, the energy extracted after the pulse maximum is similar to that before the 
pulse maximum. 
The pulse duration achieved with Q switching is typically in the 
nanosecond range (corresponding to several resonator round trips), and usually 
well above the resonator round-trip time. The energy of the generated pulse is 
typically higher than the saturation energy of the gain medium and can be in the 
millijoule range even for small lasers. The peak power can be orders of 
magnitude higher than the power which is achievable in continuous-wave 
operation. Even for lasers with moderate size and with moderate focusing of the 
beam, the peak intensity can be sufficient for optical breakdown in air. 
In most cases, Q-switched lasers generate regular pulse trains 
via repetitive Q switching. The pulse repetition rate is typically in the range 
from 1–100 kHz, sometimes higher. Passively Q-switched microchip lasers have 
reached pulse durations far below 1 ns and repetition rates up to several 
megahertz, whereas large (typically amplified) laser systems can deliver pulses 
with many kilojoules of energy and durations in the nanosecond range. 
Lasers to which the Q-switching technique is applied are called Q-
switched lasers. Q-switching was first proposed in 1958 by Gordon Gould 
[3], and independently discovered and demonstrated in 1961 or 1962 by R.W. 
Hellwarth and F.J. McClung using electrically switched Kerr cell shutters in 
a ruby laser [4]. 
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 Various Technical Issues 
Doped insulator solid-state lasers are most suitable for Q switching, since 
their gain media have long upper-state lifetimes and high saturation energies, and 
hence the capability to store large amounts of energy. Bulk lasers are normally 
preferable over fiber lasers, since their larger mode areas allow more energy to 
be stored, and their shorter resonators allow for shorter pulses. 
For both active and passive Q switching, higher pulse repetition rates 
usually imply longer pulses. This is because the reduced pulse energy leads to a 
weaker modulation of the net gain, and thus to a slower rise and decay of the 
optical power. When the pulse repetition rate of an actively Q-switched laser 
falls below the inverse upper-state lifetime, the maximum pulse energy is 
achieved, but the average power is reduced due to increased losses via 
fluorescence (spontaneous emission). 
Pumping does not have to occur in a continuous-wave fashion; it is also 
possible to use pulsed pumping with flash lamps or quasi-cw laser diodes, fired 
shortly before the Q switch is opened. This reduces the energy losses via 
spontaneous emission and thus allows the use of gain media with shorter upper-
state lifetimes. 
In most cases, the pulses in a Q-switched laser are generated by 
amplifying noise from spontaneous emission in many resonator round trips. 
Therefore, there is usually no phase correlation between subsequent pulses, and 
the pattern of excited resonator modes can be random. Moreover, excitation of 
multiple modes results in the generation of beat notes, apparent as fast 
modulations on the Q-switched pulse envelope. In some cases, however, a Q-
switched laser is seeded e.g. with the output of a small single-frequency seed 
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laser in order to obtain a low-noise single-frequency output, avoiding beat notes 
and reducing the noise overall (→ injection seeding). It is also possible to 
generate such a seed in the laser itself (self-injection seeding) from prelasing at 
a low power level. 
The nonlinear dynamics of Q switching sometimes lead to unexpected 
phenomena, such as the generation of double pulses and/or certain instabilities. 
Numerical simulations of pulse generation can be very helpful in understanding 
such effects and identifying the right cure. 
In some laser applications, such as laser marking, the Q-switched pulse 
train must be switched off for certain time intervals. This often introduces the 
problem that the first pulse has a higher energy, if the pump source is 
continuously operated during the time without pulse emission. Various methods 
have been developed to solve or mitigate this problem. 
Note that the high pulse energies and peak powers obtained with Q 
switching can raise serious laser safety issues even for lasers with fairly small 
average output power. Also, the optical intensities can become high enough to 
destroy intracavity optical elements such as laser mirrors. It can therefore be 
necessary to use a resonator design which avoids any strongly focused beams on 
optical components – which can be challenging particularly for short laser 
resonators (as are desirable for short pulses) with large mode areas. Further, a Q-
switched laser has to be kept very clean in order to avoid the burning of dust 
particles. 
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2.2. Cavity Dumping 
 
Cavity dumping is a technique for pulse generation which can be combined 
either with Q switching or with mode locking, or sometimes even with both 
techniques at the same time. In any case, the basic idea is to keep the optical 
losses of the laser resonator as low as possible for some time, so that an intense 
pulse builds up in the resonator, and then to extract this pulse within about one 
cavity round-trip time using a kind of optical switch (“cavity dumper”), such as 
an acousto-optic modulator or a Pockels cell [1, 5]. 
 
Cavity Dumping for Nanosecond Pulses 
Originally, cavity dumping was invented in the context of Q-switched 
lasers. The purpose is to eliminate some basic limitations of Q switching. In 
particular, it can be disturbing that the pulse duration achievable with a Q-
switched laser increases when the pulse repetition rate is increased; this is a 
consequence of the lower laser gain for a lower stored energy in the gain 
medium. Also, Q switching with high repetition rates may lead to pulse dropout. 
The modification for cavity dumping is essentially that the resonator 
contains only highly reflecting mirrors (i.e., no partially trans missive output 
coupler mirror), and output coupling is controlled with the optical modulator in 
the resonator [10,11]. Typically, this is an acousto-optic modulator, which is 
turned on briefly for pulse extraction and then diffracts the intracavity beam into 
the output (see Fig. 2.2). 
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Fig. 2.2. Schematic setup of a cavity-dumped laser. The acousto-optic modulator (AOM) is 
turned on only briefly when a pulse is extracted. At other times, the light can circulate in the 
resonator with low losses [1]. 
 
The pulse formation then works as follows: 
 First, the modulator is kept in a state where most of the light in the 
resonator is coupled out, so that lasing cannot occur because the device is below 
the laser threshold. The energy provided by the pump source is then largely 
stored in the gain medium, as in a Q-switched laser. 
 The modulator is then switched to a state where light circulating in 
the laser resonator experiences only the small parasitic losses. As a result, the 
intracavity power builds up quickly – typically, within a few hundred resonator 
round-trip times. No light is coupled out during that period. 
 Then, the modulator is again quickly switched into the state where 
most of the light is coupled out. The light in the resonator is thus extracted 
within about one round-trip time. After that, a new cycle can begin. 
A notable difference from Q switching is that before generation of the 
output pulse the energy is stored in the intracavity light field, rather than in the 
gain medium. The perhaps most important advantage is that this energy can be 
extracted within just one round-trip time, independent of the time required for 
building up the intracavity power. Therefore, the pulse duration achievable is 
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more or less determined by the resonator length (provided that the switching 
time of the modulator is no longer than the resonator round-trip time), and is 
decoupled from the laser gain. This means that even for very high pulse 
repetition rates of e.g. several megahertz, pulse durations of a few nanoseconds 
are still achievable. In this regime, a Q-switched laser would generate much 
longer pulses, or would even not be able to generate one pulse for each intended 
time slot. (Pulse dropouts can occur when the Q switch is operated at too high 
frequencies.) 
For high pulse repetition rates (well above the inverse upper-state lifetime, 
a cavity-dumped laser operates particularly stably, since some light always 
remains in the laser resonator after pulse extraction, and this light can act as a 
seed for the next pulse. This is the preferred operation regime. 
Although the laser setup for cavity dumping is in principle similar to that 
for Q switching, the requirements particularly concerning the Q switch are 
different: 
 The switching time should not be longer than the resonator round-
trip time, i.e., it should usually not exceed a few nanoseconds (while Q switching 
works well with much lower switching speeds). For acousto-optic modulators, 
this requires not only that the RF source can be quickly switched, but also that 
the beam radius in the modulator is fairly small, since the switching time is 
limited by the transit time of the acoustic wave through the laser beam. 
Unfortunately, a small mode area increases the optical intensities in the 
modulator and may require additional intracavity optics. 
 The diffraction efficiency should be high, ideally well above 50%, 
so that most of the light can be extracted within one resonator round-trip. For 
that reason, acousto-optic cavity dumpers are often operated with higher RF 
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frequencies of several hundred megahertz, as compared with tens of megahertz 
for Q switches, and use relatively high RF powers. 
From these considerations it follows that cavity dumping is superior to Q 
switching mainly for high pulse repetition rates, particularly if short pulse 
durations are required at the same time. On the other hand, this technique 
introduces additional constraints e.g. on mode areas and switching speeds. 
 
Cavity Dumping of Ultrashort Pulses 
Cavity dumping can also be used in mode-locked lasers for 
generating ultrashort pulses with higher pulse energies [6-9]. As for nanosecond 
devices, the resonator losses are kept small for most of the time, so that the 
circulating pulse can become intense. When it has reached the maximum 
intensity (and stable pulse parameters), this intracavity pulse can be coupled out 
with an optical switch. The switching speed required is then even higher than for 
nanosecond devices. Therefore, an electro-optic modulator in combination with 
a polarizer is usually required (Fig. 2.3.). In addition, the switching must be 
synchronized with the circulating pulse: a fast photodiode monitors the weak 
pulses leaking e.g. through a highly reflecting cavity mirror, and the driver 
electronics use this signal to fire the optical switch at the right time, so that the 
switching occurs while the pulse is at the other end of the resonator. The pulse 
duration achievable is in that case, of course, not limited by the round-trip time; 
a long round-trip time can even be beneficial because it reduces the requirements 
concerning the switching time. 
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Fig. 2.3. Schematic setup of a cavity-dumped picosecond laser. The cavity dumper contains a 
Pockels cell, a quarter-wave plate, and a thin-film polarizer (TFP [1]). 
 
Cavity dumping for ultrashort pulses is mostly used with mode-
locked solid-state bulk lasers, such as titanium–sapphire lasers or diode-
pumped neodymium-doped or ytterbium-doped lasers. The achieved pulse 
energy is typically about an order of magnitude higher than with an ordinary 
mode-locked laser (i.e., typically of the order of 1 μJ), and the pulse repetition 
rate can be hundreds of kilohertz or several megahertz. The average output 
power of cavity-dumped lasers is usually significantly smaller than for a mode-
locked laser without cavity dumper; this is due to the effect of parasitic resonator 
losses. 
 
Problems 
The design of a cavity-dumped laser, particularly for ultrashort pulse 
generation, is not a trivial issue. Apart from the aspect of fast and well 
synchronized switching, problems can arise e.g. from ringing of the Pockels cell 
or from the optical nonlinearity and chromatic dispersion introduced by the 
cavity dumper. The greatly varying intracavity pulse energy is also not 
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compatible with soliton mode locking. Therefore, it is usually not advisable to 
consider a cavity dumper as a simple add-on to an independently designed mode-
locked laser. Instead, the system as whole should be properly designed, taking 
into account e.g. the effect of the nonlinearity of the cavity dumper on the pulse 
formation from the very beginning. 
For higher pulse energies, lower pulse repetition rates may be considered. 
However, cavity dumping then no longer works very well: when the intracavity 
power really vanishes between two extracted pulses, the stability of the process 
is degraded. For similar reasons, it is also not easy to combine cavity dumping 
with mode locking and simultaneous Q switching: whereas Q switching can 
quickly build up a high power in the resonator, the mode-locking process 
requires much more time to form stable pulses. For low repetition rates (e.g. for 
10 kHz or lower) with correspondingly higher pulse energies, regenerative 
amplifiers are preferable, where the pulse formation and the amplification 
process are decoupled. 
 
2.3. Mode-locking. 
 
Mode locking [12] is a method (or actually a group of methods) to obtain 
ultrashort pulses from lasers, which are then called mode-locked lasers. Here, 
the laser resonator contains either an active element (an optical modulator) or a 
nonlinear passive element (a saturable absorber), which causes the formation of 
an ultrashort pulse circulating in the laser resonator. In the steady state, the 
various effects influencing the circulating pulse are in a balance so that the pulse 
parameters are unchanged after each completed round trip, or often even nearly 
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constant throughout each round trip. Each time the pulse hits the output coupler 
mirror, a usable pulse is emitted, so that a regular pulse train leaves the laser. 
Assuming a single circulating pulse, the pulse repetition period corresponds to 
the resonator round-trip time (typically several nanoseconds), whereas the pulse 
duration is much lower: typically between 30 fs and 30 ps, in extreme cases 
down to ≈ 5 fs. For that reason, the peak power of a mode-locked laser can be 
orders of magnitude higher than the average power [1]. 
The synchronization of the longitudinal modes of the laser cavity is used to 
generate of ultrashort pulse lasers. 
 At the same phase imposed on all longitudinal modes of the laser, the in-
phase addition of the amplitudes of electric fields leads to the generation of 
ultrashort pulses, the duration of which is limited by the width of the lasing 
spectrum [13]. 
The idea of locking was proposed and implemented in 1964 [14, 15]. The 
first experiments were carried out on gas lasers [14, 16-18]. Mode locking in 
these studies was carried out by an active modulation of the resonator parameters 
(loss optical length) at the intermode beat frep ≈ c / Σnl (where c - speed of light 
in vacuum, n - refractive index of the fiber core, l - length of the fiber). 
Experimentally in the laser were obtained continuous sequence of short pulses 
with a typical duration of 600 ps and a duty cycle equal to the round-trip time of 
radiation in the resonator, which was consistent with the well-developed 
theoretical concepts [15, 19, 20]. 
More simple and accessible method of generation of ultrashort pulses was 
self-synchronization (passive mode) modes, which arises when incorporated in 
the laser cavity saturable filter. This method was used almost immediately 
received ultrashort pulses with durations that are close to the limit [21-33], and 
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the intensities of the order of 1010 W/cm2. This led to the fact that in subsequent 
research efforts were focused mainly on clarifying the nature of technology and 
the improvement of passive mode-locking [24-30]. 
Upon receipt of ultrashort pulses in fiber lasers used similar techniques as in 
the classical solid-state lasers based on three-dimensional elements: synchronous 
pumping, active and passive mode locking. 
Passive mode locking in fiber lasers can be divided into two types - forced 
(passive mode locking due to the saturable absorbers, such as a semiconductor 
saturable absorber mirror (SESAM) [31] or carbon nanotubes), and self-
synchronization, based on the so-called effect of the nonlinear polarization 
evolution (NPE) (using a polarization controller and a member with the 
polarization-dependent transmission [32]). 
Today, developed by saturable absorbers such as carbon nanotubes or 
SESAM deposited on the fiber end, in principle, does not require any additional 
adjustable elements. However, the use of saturable absorbers, a limitation on the 
pulse energy associated with limited modulation capabilities of sinks and the 
breakdown of themselves saturable absorbers. When synchronization modes due 
to the nonlinear evolution of the polarization of the pulses can occur in a wider 
range of peak capacity [31, 32]. 
One of the most interesting from a scientific point of view, but also 
important for practical applications of laser systems feature a passively mode-
locked due to the effect of the NPE is the possibility of lasing in a lot of different 
modes [34]. 
Fiber laser mode-locked by the NPE are more promising in terms of 
practical applications, such as lasers have better energy performance and provide 
greater freedom in tuning the parameters of output radiation (the ability to 
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change the shape and duration of the pulse shape of the optical spectrum), and 
also possible to generate pulses of different modes synchronization modes 
depending on the setting of the polarization controller. 
 
Theory of the mode-locking. 
The mechanism of self-mode owes its existence to a strong phase 
modulation of the radiation due to the occurrence noticeable nonlinear addition 
to the refractive index in the active element at the time of passage through it of a 
powerful light pulse (optical Kerr effect [19]). Self-phase modulation (SPM) is 
the dominant nonlinear mechanism, leading to a spectral broadening of pulsed 
light in the fiber. It is a direct consequence of the dependence of the refractive 
index of quartz glass radiation intensity [35]. Given the dependence of the 
intensity of the refractive index may be written as: 
n(t) = n0+n2I(t), 
where I - the radiation intensity in the fiber, n0 - linear component of the 
refractive index, n2 - the refractive index of the nonlinear coefficient (so-called 
Kerr coefficient) defined as follows: 
(3)
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In silica fibers typical coefficient n2 is about ~ 3 • 10-16 cm2 / W. Thus, the 
nonlinear component becomes significant only at very high intensities. 
The electric field of pulsed light propagating in the fiber (for simplicity) can 
be simplified as shown: 
0( )( , ) ( ) .i t zU z t A t e     
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where A (t) - the function of the envelope (slowly varying amplitude), ω0 - 
carrier frequency, β - the propagation constant in the fiber. The product βz 
determines the phase Φ: 
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Due to the Kerr nonlinearity (the nonlinear coefficient of the refractive 
index n2), extending along the fiber pulsed radiation homing tests, time-
dependent, nonlinear phase shift ΦNL: 
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This changes the electric field of radiation in accordance with the 
transformation: 
NLietzUtzU ),(),(   
The nonlinear dependence of the phase change from time to time the 
instantaneous frequency is usually denoted by the term "frequency chirp", which 
is proportional to the time derivative of ΦNL: 
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  where l - length of the fiber; I (t) = | A (t) | 2 - intensity propagating 
radiation. Thus, the instantaneous frequency can be expressed as ω (t) = ω0 + 
ΔωNL (t). 
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This means that the propagation of the pulse through the fiber radiation in 
the spectrum of the pulses arise new frequency components, and therefore, the 
spectrum broadens. Despite the fact that SPM broadens the spectrum of the 
pulse, the temporal envelope of the function remains unchanged. Fig. 2.4 
illustrates the spectral broadening caused by SPM Gaussian pulse. 
Fig. 2.4. Spectral broadening of a Gaussian pulse for different values of the nonlinear 
phase shift ΦNLmax caused by SPM [13]. 
 
The effect of nonlinear rotation of the polarization ellipse is that the 
evolution of the polarization state of light propagating in the optical fiber 
depends on the intensity of the radiation. The nonlinear evolution of the 
polarization state - is the result of the combined action of strong Kerr 
nonlinearity (optical Kerr effect [35]: n = n + n2I) and weak birefringence:. 
The effect of the nonlinear evolution of the polarization state is shown at the 
condition of weak birefringence: Dn ~ I • n2. 
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As a result of the change of state of polarization (rotation of the polarization 
ellipse) is different for waves with different amplitudes (Fig. 2.5). 
 
     
Fig. 2.5. Evolution of the polarization state of the pulse propagation along the fiber, and 
the polarization dependence of the intensity. 
 
If the fiber resonator element placed polarization dependence of the 
transmission (e.g., a polarizer), the resulting amplitude modulation mechanism 
can be used for self-locking (Fig. 2.6). 
 
Fig. 2.6. Evolution of the polarization state of the pulse propagation along the fiber, and 
the polarization dependence of the intensity. 
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3. Fibre lasers 
 
Create fiber lasers is one of the most striking achievements of quantum 
electronics. The first fiber laser was established in 1963 ин Snitzer as an active 
element used glass fibers containing neodymium ions. However, the creation of 
modern high and compact fiber lasers became possible only giving the benefit of 
the development in the early 70-ies of optical glass fibers with low optical losses 
(less than 1 dB km-1 in the near-infrared region) and the subsequent rapid 
development of fiber-optic telecommunications. 
The advantages of fiber lasers over other types include [1]: 
 Light is already coupled into a flexible fiber: The fact that the light 
is already in a fiber allows it to be easily delivered to a movable focusing 
element. This is important for laser cutting, welding, and folding of metals and 
polymers. 
 High output power: Fiber lasers can have active regions several 
kilometers long, and so can provide very high optical gain. They can support 
kilowatt levels of continuous output power because of the fiber's high surface 
area to volume ratio, which allows efficient cooling. 
 High optical quality: The fiber's waveguiding properties reduce or 
eliminate thermal distortion of the optical path, typically producing a diffraction-
limited, high-quality optical beam. 
 Compact size: Fiber lasers are compact compared to rod or gas 
lasers of comparable power, because the fiber can be bent and coiled to save 
space. 
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 Reliability: Fiber lasers exhibit high vibrational stability, extended 
lifetime, and maintenance-free turnkey operation. 
 High peak power and nanosecond pulses enable effective marking 
and engraving. 
 The additional power and better beam quality provide cleaner cut 
edges and faster cutting speeds. 
 Lower cost of ownership. 
Simple Er fiber lasers with ultrashort pulses are known for the 1990s. 
Nowadays, a wide variety of fiber lasers with different active media, with 
different types of resonators, with different characteristics of lasing was 
developed and continue to develop of  new types of fiber lasers to improve their 
performance. 
Next, we consider the main types of configurations and fiber elements 
needed to create ultrashort pulses  erbium-doped fiber lasers. 
 
3.1. Types schematic configurations and solutions resonator fiber 
lasers. 
 
  Fiber lasers can be divided into two classes according to the length of the 
resonator: 1) short (conventional fiber lasers with cavity lengths up to hundreds 
of meters), and 2) long and extra-long (hundreds of meters long and kilometers). 
  There is quite a large variety of types of configurations resonators used 
both short and long in fiber lasers. In the first class of fiber lasers are the most 
common fiber lasers with two types of configurations of cavities fiber laser with 
a ring resonator with a linear resonator. In turn, they both may be made in all-
fibre structure [1, 2], and with a gap [3, 4]. All-fibre lasers, unlike lasers 
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discontinuity consist entirely of the fiber components and the design does not 
contain any adjustable optomechanical elements. 
  Ring all-fibre unidirectional cavity scheme is the most simple and does not 
require any reflective elements, which simplifies the creation of all-fibre laser 
(laser without large opto-mechanical elements). 
  In the case of a linear configuration with a break, due to external moving 
mirror surround provides a smooth change in the cavity length in a fairly large 
range, allowing you to fine tune the pulse repetition frequency to the desired 
value. As is known, in the manufacture of lasers all-fibre technologically 
impossible to sustain a desired length of the resonator with high accuracy. In 
addition, the range of variation due to the repetition frequency of stretching the 
fiber is very small, amounting to a few hundred hertz. If necessary, fine-tune the 
frequency of repetition has to make a break and use the adjustable opto-
mechanical items. 
  Lasers with a ring and a linear configuration has its advantages and 
disadvantages. The main advantage of a ring resonator configuration all-fibre is 
high resistance mode locking, due to lack of opto-mechanical components and 
due to the lack of a standing wave (in the regime of cavity traveling wave). 
While the linear resonator configuration with a gap allows you to get a slightly 
larger value of the fundamental repetition frequency (150 MHz), and also gives 
her the ability to accurately adjust a large enough range. 
  Another interesting solution is a combined schematic - linear and ring 
cavity laser. This scheme allows you to combine the advantages of circular and 
linear laser types (traveling wave mode, the ability to adjust the length of the 
resonator, the possibility of high repetition rate, ease of setup). 
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Most of the ultra-long lasers are based on the conventional ring 
configuration - the simplest to set up and requiring no reflectors. Lasers based on 
NOLM, respectively, have figure-eight cavities. Lasers using SESAM for mode 
locking, typically utilize linear Fabry-Perot [5, 6] or ring-linear cavity layouts 
with a short linear arm [7-9]. Of a particular interest is the linear-ring cavity 
design [10, 11], in which a longer section of the optical fibre is in the linear arm 
ended by a Faraday mirror. This solution ensures suppression or elimination of 
polarization-induced fluctuations, thus improving the stability of laser output 
parameters when low cost non-polarization-maintaining fibres are used. Besides, 
the linear-ring configuration can provide almost a factor-of-two advantage in the 
output pulse energy using the same physical length of the resonator due to 
repetition rate being twice as low as that in a traditional ring laser of the same 
length. Another original solution was demonstrated in an long-cavity laser [12] 
fabricated with the use of polarization-maintaining fibres. The pulse repetition 
rate in such “θ-configuration” resonator is twice as low as in a conventional ring 
laser of the same fibre length. 
 
3.2. Optical elements of fiber lasers. 
 
  Any cavity laser (fiber or bulk solid-state elements) is constructed from 
the active environment and mirrors, locking resonator. In this case, the cavity 
must be arranged output portion of the generated radiation. In addition, the 
cavity should include an element that allows to introduce pump light into the 
cavity. 
  Fiber laser with a linear resonator must contain the following elements - a 
pair of Bragg gratings as mirrors, locking cavity (also through a lattice can enter 
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the pump radiation, and through the second can be arranged emission output of 
the laser cavity) and the length of the active fiber. 
  In a ring resonator fiber does not require any additional mirrors. However, 
in such resonators is desirable to install an optical isolator for reducing the noise 
level and to ensure unidirectional lasing. In addition, such resonators should 
contain fiber multiplexer - to enter the pump light into the cavity, as well as the 
tap - for some of the radiation output of the cavity. 
  To ensure the synchronization modes due to the effect of nonlinear 
polarization evolution of fiber lasers as ring resonators, and with linear 
polarization dependent must contain an element of polarization controllers. 
Consider the basic elements of which are built on fiber lasers. 
 
3.2.1. Fiber Brag Grating 
  
  A fiber Bragg grating (FBG) is a type of distributed Bragg 
reflector constructed in a short segment of optical fiber that reflects 
particular wavelengths of light and transmits all others. This is achieved by 
creating a periodic variation in the refractive index of the fiber core, which 
generates a wavelength specific dielectric mirror. A fiber Bragg grating can 
therefore be used as an inline optical filter to block certain wavelengths, or as a 
wavelength-specific reflector [13]. 
  The fundamental principle behind the operation of a FBG is Fresnel 
reflection. Where light traveling between media of different refractive indices 
may both reflect and refract at the interface. 
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The refractive index will typically alternate over a defined length. The 
reflected wavelength ( ), called the Bragg wavelength, is defined by the 
relationship, 
 
where  is the effective refractive index of the grating in the fiber core 
and  is the grating period.  
The effective refractive index quantifies the velocity of propagating light as 
compared to its velocity in vacuum.  depends not only on the wavelength but 
also (for multimode waveguides) on the mode in which the light propagates. For 
this reason, it is also called modal index. 
 
Fig. 3.1. FBGs reflected power as a function of wavelength [13]. 
 
The wavelength spacing between the first minima (nulls, see Fig. 3.1), or the 
bandwidth ( ), is (in the strong grating limit) given by, 
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where  is the variation in the refractive index ( ), and  is the 
fraction of power in the core.  
Note that this approximation does not apply to weak gratings where the 
grating length, , is not large compared to  \ . 
The peak reflection ( ) is approximately given by, 
 
where  is the number of periodic variations.  
The full equation for the reflected power ( ), is given by, 
 
where, 
 
 
 
3.2.2. Gain medium 
 
Depending on the active medium, fiber lasers can generate radiation at 
different wavelengths (Fig. 3.2). Fiber lasers with active media doped with 
ytterbium (Yr3 +) can generate powerful laser radiation up to several kW due to 
the effective pumping of such media powerful diode lasers at a wavelength of 
980 nm. The lasing wavelength fiber laser is in the range 1.0 - 1.1 microns, 
which is optimum for cutting aluminum and metal alloys. Fiber lasers on ions 
Tm3 + Ho3 + are used to generate radiation in the mid-infrared wavelength 
range (1.9-2.1mkm). Lasers on stimulated Raman scattering (SRS) can generate 
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radiation over a wide wavelength range due to the nonlinear frequency 
conversion. In 2005, was received continuous generation of radiation in the 
spectral range of 1140 - 1300 nm at the output of the fiber laser with an active 
fiber doped bismuth (Bi) [14]. 
 
 
Fig. 3.2. Wavelengths of fiber lasers with different active media. 
 
For telecommunications and metrological purposes are the most suitable 
lasers and usilitili to the active fiber doped with Er. Spectral range Er fiber laser 
is in the range 1.5-1.6 microns corresponding operating range fiber optic link. 
Erbium laser has a 3-level scheme of the pump (Fig. 3.3). The pump can operate 
at two wavelengths of 980 nm and 1480 nm. 
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Fig. 3.3. Schematic of the laser levels and the spectrum of absorption and luminescence Er 
environments. 
 
3.2.3. WDM 
 
 Wave apparatus (spectral) sealing WDM - WDM filter - functions as 
multiplexing MUX (association) or demultiplexing DEMUX (separation or 
filtration) optical signals of different wavelengths - channel - in a single fiber of 
fibers or multiple fibers of one of several fibers [13]. These devices are 
distributed in the signal light depending on the wavelength. The multiplexer is 
used to transmit multiple optical signals (each at its wavelength) in a single fiber. 
The multiplexers are used in lasers for the introduction of the pump radiation 
into the laser cavity. The multiplexers are constructed from driftwood technology 
as well as fiber splitters/couplers. 
 
~10 ms 
~1 μs 
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3.2.4. Coupler 
 
 Fused couplers are used to split optical signals between two (or more) fibers 
or to combine optical signals from two (or more) fibers into one fiber. They are 
constructed by fusing and tapering the fibers together. This method creates a 
simple, rugged, compact method of splitting or combining optical signals.  
 These devices are bidirectional and offer low back reflection and insertion 
losses. 2x2 or 1x2 ports couplers with 10-30% split are used usual for output of 
laser radiations of fiber laser. 
 
 
Fig. 3.4. The optical splitter. 
 
 Fig. 3.4 shows a splitter that works with single-mode of the fiber. When two 
splitter are in close contact with each other as shown in Fig. 3.8, there is a 
resonance phenomenon. Lighting the flow of fiber A is captured core fiber B. 
Level of power, passed in fiber B is dependent on the taper length. Luminous 
flux of the fiber A can be fully enters into the fiber B in a certain length. This 
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length varies depending on the wavelength of light in the fiber. The coefficient 
branching thus can be tuned by selecting a desired of the taper length [15]. 
 
3.2.5. Polarization Beam Splitter 
 
 The Polarization Beam Combiner/Splitter is a compact high performance 
lightwave component that combines two orthogonal polarisation signals into one 
output fiber or to split signal on two orthogonal polarisation signals into two 
output. Such elements are used to separate polarisation state which corresponded 
to maximum of pulses intensity. This element is one of the general element for 
achieving of mode-locking. 
 Polarisation beam splitters can be based on polarizing cube. A polarizing 
cube beam splitter consists of a pair of right angle prisms cemented together 
(Fig. 3.5). The hypotenuse face of one prism is coated with a special multilayer 
dielectric coating. When non-polarized light is normally incident upon the 
entrance face, it is separated into two polarized beams, emerging through two 
adjacent faces in perpendicular directions and polarized orthogonally to each 
other. The transmitted beam is p-polarized while the reflected beam is s-
polarized. When the linearly polarized light is incident, it is similarly divided 
into two beams in a ratio depending upon the orientation of the electric field 
vector of the incident light beam. These polarizing beamsplitters are available for 
many common laser wavelegths and broadband ranges. 
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Fig. 3.5. The polarization beam cube. 
 
 The typical configuration uses the SM fiber for the input  and two PM fibers 
for the output. 
 
 
3.2.6. Polarization controller  
 
 A polarization controller - a device to control the state of polarization of the 
radiation. A beam of light can be thought of as being composed of two 
orthogonal electrical vector field components that vary in amplitude and 
frequency. Polarized light occurs when these two components differ in phase or 
amplitude. Polarization in optical fiber has been extensively studied and a variety 
of methods are available to either minimize or exploit the phenomenon 
  Controlling the polarization state in optical fiber is similar to the free space 
control using waveplates via phase changes in the two orthogonal states of 
polarization. In general, two configurations are commonly used in all-fibre lasers 
[16]. 
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 In the first configuration, a Half-Wave Plate (HWP) is sandwiched between 
two Quarter-Wave Plates (QWP) and the retardation plates are free to rotate 
around the optical beam with respect to each other. The first QWP converts any 
arbitrary input polarization into a linear polarization. The HWP then rotates the 
linear polarization to a desired angle so that the second QWP can translate the 
linear polarization to any desired polarization state.  
 An all-fiber controller based on this mechanism can be constructed, with 
several desirable properties such as the low insertion loss and cost, as shown in 
Fig. 3.6. In this device, three fiber coils replace the three free-space retardation 
plates. Coiling the fiber induces stress, producing birefringence inversely 
proportional to the square of the coils’ diameters. Adjusting the diameters and 
number of turns can create any desired fiber wave plate. Because bending the 
fiber generally induces insertion loss, the fiber coils must remain relatively large. 
 
Fig. 3.6. Polarization control using multiple coiled fiber [16]. 
 
The second approach is based on the Babinet-Soleil Compensator. An all-
fiber polarization controller based on this technique is shown in Fig. 2.7 . The 
device comprises a fiber squeezer that rotates around the optical fiber. Applying 
a pressure to the fiber produces a linear birefringence, effectively creating a fiber 
wave plate whose retardation varies with the pressure. Simple squeeze-and-turn 
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operations can generate any desired polarization state from any arbitrary input 
polarization. 
 
Fig. 3.7. Polarization control using Babinet-Soleil compensator principle [16]. 
 
3.2.7. Isolator 
 
  An optical isolator is a two-port passive component that allows light (in a 
given wavelength range) to pass through with low attenuation in one direction, 
while isolating (providing a high attenuation for) light propagating in the reverse 
direction. Isolators are used as both integral and in-line components in laser 
diode modules and optical amplifiers, and to reduce noise caused by multi-path 
reflection in highbit-rate and analog transmission systems [13]. 
  An optical signal propagating along the fiber is reflected from various 
discontinuities in particular locations on a dry joint, formed by optical couplers. 
As a result of reflection of the energy returned. In the laser cavity induced by the 
reflected signal can increase, leading to a spurious signal. 
  The most crucial way to suppress the return flow is based on the use of 
optical isolators. The optical isolator provides a light transmission in the same 
direction almost without losses, and in the other (opposite) direction with high 
59 
 
damping. Optical isolators are now a key element of many laser systems, optical 
amplifiers, and are also used as a separate element of an optical link. 
  At the core of the optical isolator is the Faraday effect - the rotation of the 
polarization plane of light optically inactive substances under the influence of a 
longitudinal magnetic field. 
  An optical isolator consists of three elements: a polarizer 1 (input 
polarizer), Faraday rotator 2 and analyzer 3 (the output polarizer), Fig. 3.8. 
Faraday rotator parameters are chosen so that the axis of polarization of the light 
passing through it unfolded at 45 °. Under the same angle as the axis of the 
polarizers are set [15]. 
A Faraday rotator is an optical device that rotates the polarization of 
light due to the Faraday effect, which in turn is based on a magneto-optic effect. 
The Faraday rotator works because one polarization of the input light is 
in ferromagnetic resonance with the material which causes its phase velocity to 
be higher than the other. 
The plane of linearly polarized light is rotated when a magnetic field is 
applied parallel to the propagation direction. The empirical angle of rotation is 
given by: 
 
where  is the angle of rotation (in radians),  - the magnetic flux density in 
the direction of propagation (in teslas),  - the length of the path (in metres) 
where the light and magnetic field interact,  - the Verdet constant for the 
material.  
The Verdet constant (V) varies with wavelength and temperature and is 
tabulated for various materials. 
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Fig. 3.8. Polarization mechanism due to the Faraday effect. The field lines are usually closed 
through a permanent magnet around the rotator [13]. 
 
 The principle of operation of optical isolator 
 The input signal passing through the polarizer 1, a vertical component 
leaves unchanged eliminating horizontal component, Fig. 3.9 a. Further 
vertically polarized light passes through the Faraday Rotator 2, turns the plane of 
polarization by 45 °, and smoothly passes through the analyzer 3. 
 When light propagates in the opposite direction it is also polarized in the 
plane of the analyzer 3 and then passes through Faraday Rotator 2 is horizontally 
polarized. Thus, the polarization axis of the polarizer 1 and form an angle of 90 
°, so the polarizer 1 is not opposite the radiation passes Fig. 3.9 b. 
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 Fig. 3.9. Scheme of the optical isolator: a) the input signal in the forward direction 
extends freely, b) the reflection signal in the reverse direction is absorbed polarizer. 
 
3.2.8. Faraday Mirror 
 
 Thermal and mechanical perturbations introduced to a standard, single 
mode fiber often cause variations in the state of polarization (SOP) of the guided 
light. These changes can adversely affect the performance of many different 
types of fiber optic systems. Retaining the SOP using polarization-
maintaining (PM) fiber can reduce or eliminate these adverse effects, but PM 
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fiber is costly and often difficult to incorporate effectively. The Faraday Rotator 
Mirror is a low-cost, passive device that correctly compensates for such SOP 
variations. 
  The Faraday mirror consists of a Faraday rotator and a mirror (Fig. 3.10). 
The Faraday Effect describes the non-reciprocal rotation of a signal's 
polarization as it passes through an optical medium within a magnetic field. 
Situated at the end of an optical fiber, the Faraday Rotator Mirror is designed to 
rotate a signal's SOP by 45°, twice-once when the light enters, and again when 
the light is reflected back into the fiber. Since the Faraday Effect is non-
reciprocal, the resultant SOP is rotated by 90° with respect to the original signal.  
In this way, any SOP fluctuations that occur anywhere along the fiber are exactly 
compensated and their unwanted effects neutralized [17]. 
 
Fig. 3.10. The Faraday mirror. 
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4. Self-mode-locked Er fibre laser with 3.56– 
km linear-ring cavity. 
 The development a low-cost long-cavity erbium-fiberfibre laser operating in 
a stable single-pulse mode-locked regime which provides output pulse energies 
in excess of 1.0 µJ with a kilohertz-scale repetition rate at a 1.55- µm 
wavelength is great interested. The lasing wavelength erbium lasers are in the 
range of telecommunications and are quite in demand for many 
telecommunications, metrology, biomedical, and lidar applications. In addition, 
for this wavelength (1.55 µm) is designed a large number of fiber-optic 
components and the different types of fibers that offer great opportunities to 
optimize the parameters of the radiation and the creation of cheap sources of 
pulsed radiation. Pulsed laser radiation with such characteristics (wavelength ~ 
1.55 µm, pulse duration < ns, pulse energy ~ 1 µJ and more) is required for many 
practical applications (e.g. lidar measurements, long-distance atmospheric 
communications, and biomedicine technologies). 
Historically the first mode-locked kilometers-length fibre lasers were 
ytterbium-based high-energy pulsed fibre lasers whose generation wavelengths 
lie within 1.0÷1.1μm [1-6]. In such lasers were used conventional telecom fibres 
for increasing cavity length. 
The similar approach being applied to erbium-based mode-locked fibre 
lasers has not resulted in the similar dramatic increase of pulse energies. The 
wavelength-depending dispersion properties of optical fibres make pulsed 
regimes of Er-based fibre lasers differ from those of Yb-based fibre lasers. 
Conventional low-cost telecommunication single-mode fibres (SMF), that are the 
most natural candidate for laser cavity elongation, exhibit normal chromatic 
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dispersion at the lasing wavelengths of Yb-fibre lasers, but the anomalous one 
within the spectral range of Er-fibre lasers (1.5÷1.6 μm). Stable generation of 
wave-breaking-free high-energy pulses in mode-locked Yb-fibre lasers is 
enabled by all-normal intracavity dispersion [7-10]. Pulses generated in such 
lasers are often referred to as dissipative solitons [11, 12]. Their physics does not 
impose fundamental limitations on the maximum pulse energy, as opposed to 
soliton-like pulses generated in mode-locked fibre lasers with anomalous 
intracavity dispersion [7, 13, 14]. In the all implemented types of long-cavity Er-
based passively mode-locked lasers constructed from conventional anomalous-
dispersion SMF the output pulse energy is limited to values less than 20 nJ [15-
17]. Due to the phenomena attributable to non-dissipative solitons, such as 
energy quantization and decay of high-order solitons [18], any attempts to raise 
pulse energy above this level bring the lasers into a multiple-pulse regime or turn 
them to a harmonic mode-locking. To avoid such negative effects and to scale up 
the pulse energy by analogy with the ytterbium-based lasers the intracavity 
dispersion in the erbium-based lasers has to be normal as well. Feasibility of 
passively mode-locked Er-fibre lasers with net-normal cavity dispersion that 
operate in the dissipative soliton regime has recently been demonstrated in [19-
23]. Such lasing regime has allowed reaching a pulse energy level as high as 
0.56 µJ in a self-mode-locked Er-fibre laser with a 1.25-km-long cavity [15]. 
The laser cavity has been elongated by a dispersion compensating fibre module 
(DCFM), which is normally used in fibre-optics communication lines to 
compensate for the anomalous dispersion of conventional SMFs. Though such 
approach has resulted in high-performance lasing, the very high cost of DCFMs, 
as compared with most SMFs, may be a limiting factor for further cavity scaling 
up. 
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 A linear-ring all-fibre resonator, successfully tested in our previous work 
[19], has been used as the base configuration to build the higher-energy mode-
locked Er-fibre laser. The specific feature of such a resonator (Fig. 3.1) is given 
by insertion of an optical-fibre circulator into an originally ring cavity. This 
circulator diverts the radiation into a long linear arm and also plays the role of an 
optical diode, thereby enforcing the unidirectional generation mode within the 
ring part of the cavity. The linear arm is terminated by a Faraday mirror which 
compensates for linear birefringence in this arm. Thus, an efficient compensation 
for polarization instability and polarization mode dispersion, which might be 
accumulated over the long linear arm, is provided. In principle, the ratio between 
the lengths of the ring and the linear arms of the resonator may be arbitrary. 
Therefore such a combined resonator might be either predominantly ring or 
almost linear one.  
 
Fig. 3.1. Schematic of the laser: DL – pumping diode laser; WDM – wavelength-division 
multiplexer; EF – erbium-doped fibre; DCFM – dispersion compensating fibre 
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module; PC – polarization controller; PBS – polarizing beam-splitter; C – circulator; 
NZDSF – non-zero dispersion-shifted fibre; FM – Faraday mirror. 
 
The active medium of the laser is a 2.2-m-long highly-doped erbium fibre 
“Liekki Er30-4/125” (absorption 30±3 dB/m at 1,530 nm) which is placed in the 
ring part of the cavity. The laser is pumped at a wavelength of 980 nm by a fibre-
coupled diode laser. The maximum pump power is 450 mW. The pump radiation 
is injected through a wavelength-division multiplexer. 
 Self-mode-locking in this laser is achieved by exploiting nonlinear 
polarization evolution [7, 13]. A fibre-optical polarization beam splitter located 
in the ring part of the cavity is used as a polarization discriminator and 
simultaneously as an output coupler. 
In the vicinity of 1.55 µm the erbium fibre has a normal chromatic 
dispersion comparable in magnitude with the dispersion of conventional SMFs. 
All intracavity SMFs with anomalous dispersion (the pigtails of fibre-optical 
elements) are no longer than 25 cm each. Their total contribution to the overall 
group velocity dispersion of the cavity (Σβ2) has been estimated as only −0.05 
ps2. 
Unlike Ref [15], the linear arm of the laser cavity has been elongated by a 
2.3-km-long single-mode telecommunication fibre which complies with the ITU-
T G.655 standard. This is a so-called non-zero dispersion-shifted fibre (NZDSF). 
The specified zero-dispersion wavelength of this fibre is 1,598 nm, which is 
almost at the boundary of the operating spectral range of erbium lasers. At 1.55 
µm this fibre exhibits a slightly normal chromatic dispersion (D ≈ −3 ps·nm-
1·km-1). Its contribution to the overall group velocity dispersion of the cavity is 
approximately +17.6 ps2.  
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The laser cavity has been also supplemented with a dispersion 
compensating fibre module “N-DCFM-C-10-FA” made by Sumitomo. This 
module contains a 1.25-km-long special single-mode fibre with a large normal 
chromatic dispersion (β2 ≈ +217 ps
2 at 1.55 µm). Its dispersion curve does not 
approach zero within operating spectral range of erbium lasers.   The optimal 
location of the DCFM has been found experimentally. The highest energy 
efficiency of the laser has been reached with the DCFM located in the ring part 
of the cavity (as shown in Fig. 1). The main reason for that is significant optical 
loss introduced by the DCFM (up to 1.9 dB per pass).  
 Thus, the net cavity dispersion has been made a large normal one over the 
whole spectral band of the laser active medium. 
Characteristics of fibres of the mode-locked Er fibre laser with 6-km cavity 
length are shown in Table 3.1. 
71 
 
Table 3.1. Characteristics of fibres of the mode-locked Er fibre laser with 
6-km linear-ring cavity 
Name Labeling 
scheme  
Descriptions and parameters 
Additional 
fibre in linear 
part 
NZDSF  Non-zero dispersion-shifted fibre; 
 Specified zero-dispersion wavelength - 
1,598 nm; 
 Σβ2 NZDSF =+17.6 ps2; 
 Length - 2.3 km 
 Attenuation – 0.44 dB per pass 
Additional 
fibre in ring 
part 
DCFM  Dispersion compensate fibre module; 
 Sumitomo N-DCFM-C-10-FA;  
 Σβ2 DCFM ≈ +217 ps2 at 1.55 µm;  
 Length: 1.25 km 
 Attenuation : 1.9 dB per pass 
Active fibre EF  Erbium-doped fibre; 
 Liekki Er30-4/125;  
 absorption 30±3 dB/m at 1,530 nm; 
 Σβ2 EF = -0.2 ps2 
 Length: 2.2 m 
Passive fibre   Standard single mode fibre; 
 Σβ2 SMF = −0.05 ps2; 
 Length: 2.5 m 
Total 
dispersion of 
the cavity 
 Σβ2 = Σβ2 NZDSF + Σβ2 DCFM + Σβ2 SMF + Σβ2 
EF = +17.6 ps
2 + 217 ps2 − 0.05 ps2 – 0.2 
ps2 = 234.4 ps2 
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Results and discussions. 
 
Mode-locking is self-triggered when the pump power exceeds ~150 mW. 
Depending on the adjustments of the polarization controllers, ether a multi-pulse 
operation (harmonic mode-locking) or single-pulse regime (one pulse per 
resonator period) can be initiated. The shape and duration of pulses also depend 
on the settings of the polarization controllers. The parameters specified below 
correspond to the optimal mode-locked lasing regime in which a stable 
generation of pulses with the fundamental repetition rate, the highest energy, and 
the shortest duration is sustained.  
The laser radiation spectrum registered by an optical spectrum analyzer is 
shown in Fig. 3.2.  
The transform-limited pulse duration is calculated from the formula: 
0.441Gaust    (3.7.1.4) – for the Gaussian pulse shape,  
  
where Δν - the width of the frequency spectrum, ν1 and ν2 - frequency at 
half of the maximum intensity of the frequency spectrum, λ1 and λ2 –
wavelengths at half of the maximum intensity of the optical spectrum, Δλ - the 
width of the optical spectrum, c – the light speed, λ0 – the central lasing 
wavelength. 
The center wavelength is near 1552 nm, and the spectral width is about 6 
nm. It corresponds to a 0.9picoseconds transform-limited pulse width for the 
Gaussian pulse shape. In spite of that, the actual output pulse duration measured 
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by means of a fast photodiode and a broadband oscilloscope is around 13 ns (Fig. 
3.3). Thus it indicates very strong pulse chirping. 
 
Fig. 3.2. Optical spectrum of the laser. 
 
Fig. 3.3. Oscillogram of a single pulse. 
 
Shown in Fig. 3.4is an oscilloscope trace of the generated pulse train. The 
train has a uniform interpulse interval of ~28.5 μs corresponding to the cavity 
round-trip time.  
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Fig. 3.4. Oscillogram of a pulse train. 
 
Examination of intermode beats spectra using a broadband RF spectrum 
analyzer showed high spectral purity and good frequency stability. Even for 
high-order beats (at frequencies ~10 MHz) the signal/noise ratio is higher than 
45 dB (Fig. 3.5). The measured intermode frequency is ~ 35.1 kHz. It 
corresponds to the fundamental pulse repetition frequency. 
 
Fig. 3.5. Intermode beats spectrum. 
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The average output power is approximately 22 mW at the triggering pump 
power (150 mW), and it reaches 58.2 mW at the maximum pump power (450 
mW). Thus the maximum output pulse energy can be estimated as 1.66 μJ. The 
maximum pulse energy, obtained in this laser, was limited by the available pump 
power. 
The described lasing regime is sufficiently stable: under laboratory 
conditions it was continuously maintained during several hours, despite the 
absence of any thermal stabilization and vibroacoustic isolation of the laser. 
Thus self-mode-locking in the considered laser configuration involving a 
kilometers-long non-zero dispersion-shifted fibre along with a dispersion 
compensating fibre module allows reaching pulse energies in excess of 1.0 µJ. 
The large normal net cavity dispersion enables stable wave-breaking-free lasing, 
but also leads to very strong pulse chirping. The linear-ring cavity design with 
compensation for polarization instability in the kilometers-long linear arm 
facilitates reliable self-mode-locking based on nonlinear polarization evolution.  
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Summary. 
 
We have demonstrated stable self-mode-locking in an all-fibre erbium-
based laser with a kilometers-long net-normal-dispersion cavity. It has resulted 
in direct generation of short laser pulses with an ultra-low repetition rate of 35.1 
kHz and a very high energy of nearly 1.7 µJ at a wavelength of 1.55 µm. Since 
no output saturation and no wave-breaking effects have been observed at the 
maximum available pump power (450 mW), a further pulse energy scaling up 
seems to be possible.  
The laser cavity has been fabricated from commercially-available telecom 
fibres and optical-fibre elements. Its unconventional linear-ring design with 
compensation for polarization instability ensures high reliability of the self-
mode-locking operation, despite the use of non-polarization-maintaining fibres. 
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4.  Mode-locking in 25-km fibre laser 
 
In this part of the thesis is reported about a substantial advance in 
lengthening cavity of mode-locked fibre lasers by demonstrating a single pulse 
operation in a fibre laser with a record resonator length of 25 km . To the best of 
our knowledge this is the longest cavity of a mode-locked laser functioning in a 
single pulse regime.  
 The experimental setup based on an all-fibre ring cavity configuration is 
schematically illustrated in Fig. 4.1.The cavity consists of 1.5 meter of active 
erbium-doped fibre with the absorption coefficient of ~ 80 ± 4 dB / m @ 1530 
nm), a fibre multiplexer, two polarization controllers, two couplers 90/10 and 
1/99, 25 km of dispersion compensating fibre with normal dispersion  -10 < D 
[ps/nm/km] <-1 in the wavelength range from 1530 to 1605 nm and fibre-
coupled polarization-sensitive isolator acting as a polarizer as well as an isolator, 
and ensuring unidirectional lasing in the ring. Pump light from a 980-nm laser 
diode with a maximum output power of 250 mWwas launched through a 
wavelength-division-multiplexed coupler in the opposite direction to the 
circulation of light generated around 1551 nm. This configuration ensures that 
non-absorbed pump radiation does not get into the output coupler. The output 
power was taken out through a 90/10 fibre coupler placed before 25-km fibre. A 
stable generation in 25-km long resonator was achieved only with such rather 
strong out-coupling introducing non-adiabatic evolution of the energy along the 
cavity. Using only 10% of the radiation power in the feedback we reduced the 
nonlinear effects (including the nonlinear polarization rotation) in the fibre span 
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and achieved a more sustained mode-locking with simultaneous increase the 
energy of the out-coupled pulse 
Mode locking of the laser with net normal dispersion was achieved by 
using the effect of non-linear rotation of radiation polarisation. The start of 
mode-locking and the control over the polarisation was implemented by 
adjustment of two polarization controllers. The first controller was installed at 
the input of the isolator. The second controller was placed between multiplexer 
and 90/10 coupler. 
 
 
Fig. 4.1. Schematic depiction of the 25-km long ring fibre laser design. 
 
  Fibres characteristics of the mode-locked Er fibre laser with 25-km cavity 
length are shown in Table 4.1. 
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Table 4.1. Characteristics of fibres of the mode-locked Er fibre laser with 
25-km cavity length. 
Name Labeling 
scheme 
(Fig.2.1.1) 
Descriptions and parameters 
Additional 
fibre in ring 
part 
Fiber 25 km  Dispersion compensate fibre 
MetroCore;  
 -10 < D [ps/nm/km] <-1 in the 
wavelength range from 1530 to 1605 nm 
 D = -7.5 at 1551 nm 
 Σβ2 Fiber 25 km ≈ +239 ps2 at 1.551 µm;  
 Length - 25 km 
 Attenuation - <0.25 dB/km 
Active fibre Er fiber  Erbium-doped fibre; 
 Liekki Er80-4/125;  
 absorption ~80 ± 4 dB/m at 1.530 nm; 
 Σβ2 EF = -0.125 ps2 
 Length – 1.5 m 
Passive fibre   Standard single mode fibre; 
 Σβ2 SMF = -0.12 ps2; 
 Length – 5 m 
Total 
dispersion of 
the cavity 
  Σβ2 = Σβ2 NZDSF + Σβ2 DCFM + Σβ2 SMF + 
Σβ2 EF = + 239 ps
2 − 0.12 ps2 – 0.125 ps2 
= 238.8 ps2 
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The second output from the coupler with the split ratio 1/99 was used for 
monitoring the mode-locked regime with a photodetector–sampling oscilloscope 
combination with a bandwidth of 1 GHz. Ошибка! Источник ссылки не 
найден. and Fig. 4.3 show the train of the pulses with repetition rate 
characteristic for the mode-locked regime ( cnLTR / ) and a temporal profile of a 
single pulse with duration of 2,5 ns, respectively. The train of pulses has a period 
of 123.5 µs which corresponds to a 8.1 kHz repetition rate. As can be seen from 
the fig. 4.2 fluctuations of pulse intensity in the monitored pulse train did not 
exceed 10%. 
  
Fig. 4.2. Schematic depiction of the 25-km long ring fibre laser design. 
 
The central wavelength of lasing is 1551.2 nm with the width of the 
optical spectrum in the mode locking regime of 2.2 nm (Fig. 4.4). The temporal 
duration of bandwidth limited pulse corresponding to the spectrum of 2.2 nm 
shown in Fig. 4.4 is around 1.4 ps assuming sech2 pulse shape, therefore, we 
believe laser operates with highly stretched pulses with large chirp.  
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For single pulse operation, the average power (output 1) was limited to a 
maximum of approximately 3 mW corresponding to energy per pulse of 0.37 µJ. 
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Fig. 4.3. Temporal profile of the generated pulse measured at the output 1. 
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Fig. 4.4. Spectrum of the generated pulse. 
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Results and discussions. 
 
A substantial increase of the cavity length in mode-locked fibre laser leads 
to the re-scaling of accumulated nonlinear effects and their interplay with 
dispersion. A systematic investigation and understanding of the underlying 
physics of such new types of ultra-long mode-locked lasers is still lacking. The 
presented record cavity length experiment provides new evidence that stable 
single pulse operation is feasible even with such a sharp increase of the resonator 
length. We have studied several fibre arrangements for the long mode-locked 
laser, however, it turned out that single pulse generation regime at such very long 
cavity lengths is possible only at a balance between the total normal accumulated 
dispersion, nonlinear effects and loses in the cavity.  
With increasing the resonator length and the pulse energy begin to 
predominate nonlinear processes that lead to the disruption of a single-pulse 
generation. Intracavity loss leads to lower average power, and accordingly, 
energy pulses. At the same time, the normal intracavity dispersion leads to a 
broadening of the pulse duration, which reduces the peak power. The variance is 
given by the characteristics of the selected fibers and their length. 
To reduce the negative impact of non-linear processes request to reduce 
gain or increase loss in the resonator (or reduce feedback). 
In our case, the generation of a single pulse became possible after 
reducing feedback to 10%. As shown by the experiment, with better feedback 
cannot achieve the generation of a single pulse, as nonlinear processes lead to 
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multi-pulses regime. Smaller feedback leads to the breakdown of generation, 
there is only luminescence. 
Thus, in such a feedback output pin 90% pulse radiation. Reduced 
feedback to 10% significantly reduced negative influence of nonlinear processes 
and at the same time increase the output power of the desired signal. 
The dimensionless chirp parameter of the generated pulses can be roughly 
(assuming Gaussian shape) estimated as a product of the pulse width by the pulse 
spectral width: 4351
)665.1(
2
22
0




 c
TC p . This means that the generated pulse is 
highly-chirped in agreement with the all-normal-dispersion nonlinear dynamics 
studied recently for mode-locked fibre lasers with standard cavity lengths [19, 
Ошибка! Источник ссылки не найден., Ошибка! Источник ссылки не 
найден., Ошибка! Источник ссылки не найден., Ошибка! Источник 
ссылки не найден.-Ошибка! Источник ссылки не найден.]. Note that no 
special narrow band filter limiting laser radiation spectrum was used in a stable 
mode-locked operation, unlike the regimes reported in [Ошибка! Источник 
ссылки не найден., 28].The pulse is never close to transform-limited inside the 
strictly-normal dispersion fibre cavity and accumulates both large chirp and high 
energy during propagation down the ultra-long resonator. Evidently, post-
compression using an appropriate optical layout or dispersive medium is possible 
to produce shorter pulses. The accumulation of the chirp in a cavity is 
compensated by the dissipative laser elements, in our case, by the saturable 
action of the nonlinear polarisation evolution elements. We anticipate that our 
work also stimulates investigations and development of new methods for 
compensation of giant optical chirp that is an inherent feature of the pulses 
generated in ultra-long mode-locked lasers. The solution of the problem of 
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compression of pulses with giant optical chirp might lead to drastically different 
architecture of laser systems with high pulse energy and ultra-short pulses.  
The energy up-scaling through the increase of the cavity length imposes 
conditions on the laser system elements. We have observed in a similar class of 
experiments with slightly shorter cavity length, but higher pumping power, that 
the important limitation to output power for ultra-long cavity mode-locked fibre 
lasers is imposed by the optical damage to the end facet of the fibre outputs.The 
operational mechanism and the physical effects underlying the build-up of 
radiation and mode-locking in such an unusually long resonator require further 
investigations. However, our results demonstrate that mode-locking is possible 
even in the case of very long cavity with length on the scale of tens of km. 
 
Summary. 
 
We have demonstrated single pulse generation regime in all-fibre erbium 
mode-locking laser based on nonlinear polarization evolution with a record 
cavity length of 25 km. Mode-locked lasers with such a long cavity have never 
been studied before. Our result shows a feasibility of stable mode-locked 
operation even for an ultra-long cavity length.  
Simplicity of the examined laser configuration suggests that the proposed 
scheme has a substantial potential for further improvements. Such a long 
resonator length opens a possibility to scale up output pulse energy at the same 
average power of the radiation without use of Q-switching, cavity dumping 
techniques, or additional optical amplifiers. However, increased peak power and 
respectively, nonlinear fibre effects make pulse dynamics in such long cavity 
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rather different from standard fibre mode-locked lasers. A possible switching of 
mode-lock regimes between conventional and rather complex and non-trivial 
ones with increase of laser cavity length is already demonstrated and discussed 
in [30]. 
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5. Gamma-shaped long-cavity normal-
dispersion mode-locked Er-fibre laser. 
 
It is well known, that pulse generation regimes in mode-locked fibre lasers 
are determined by the intra-cavity balance between the effects of dispersion and 
non-linearity, and the processes of energy attenuation and amplification. In case 
when the dissipation plays a decisive role in the pulse dynamics, e.g. in fibre 
lasers with normal intra-cavity dispersion is possible to generate the so-called 
dissipative optical solitons [1-3]. The dissipative optical solitons can accumulate 
very high energy without wave-breaking [1, 4, 5].On the other hand, the 
uncompensated net normal dispersion in long-cavity resonators usually leads to 
the high chirp [6, 7] and, consequently, to a relatively long duration of generated 
pulses. Moreover, long-cavity normal-dispersion fibre lasers mode-locked via 
NPE may tend to a noise-like regime generating double-scale optical peaks [8] 
with a smooth bell-shaped envelope and stochastic ultra-short pulsed filling, 
unless a careful adjustment of the laser system parameters is implemented. In all 
cases the observed duration either of single pulses or double-scale lumps in long-
cavity pulsed lasers with normal dispersion varies from few to dozens of 
nanoseconds. 
We have proposed a new design of fibre laser cavity – “-configuration”, 
that offers a range of new functionalities for optimization and stabilization of 
mode-locked lasing regimes. This laser has to operate as a master oscillator in an 
all-fibre laser system (being also studied in this work) capable of the stable 
generation of sub-nanosecond high-energy pulses at a kiloHertz-scale repetition 
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rate along with the efficient suppression of amplified spontaneous emission 
(ASE). Laser systems with such parameters are required in a range of applied 
problems, in particular, for the generation of high-energy spectral super-continua 
[9] and for implementation of cutting-edge methods of absorption spectroscopy 
[10]. 
The developed laser has an all-fibre linear-ring resonator that is 
schematically presented in Fig. 5.1. One of the key novel points making the 
difference from previous designs [5, 11] is that we use an additional linear arm in 
the resonant cavity. The function of this arm is to sustain mode locking and to 
control the spectrum of laser radiation. The proposed here cavity design is based 
on the use a four-port fibre-optics circulator (CIR) that leads to an original “γ-
configuration” of the resonator. It offers additional possibilities for optimization 
of lasing dynamics and control over the radiation parameters in long-cavity 
normal-dispersion mode-locked fibre lasers. Another important feature of the 
proposed laser cavity design is a combination of photo-induced in-fibre 
refractive index gratings: a traditional fibre Bragg grating (FBG) [12, 14]. These 
elements are used for realization of self-mode-locking and control of the 
radiation parameters. Such a combination of fibre grating elements has been used 
for the first time in long-cavity high-energy pulsed lasers. 
The functional elements of the laser are distributed along various segments 
of the resonator in the most optimal way. The ring part of the resonator 
comprises only of the active Erbium-doped fibre with a pump multiplexor and an 
output coupler placed before the circulator. Such positioning allows us to 
achieve the highest possible output power and to suppress non-linear effects in 
the longest arm of the resonant cavity. The long arm formed by a reel of a single-
mode fibre with normal dispersion is ended by a Faraday mirror. This ensures 
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the elimination, or significant suppression, of polarization-induced fluctuations, 
which could significantly undermine the stability of mode locking upon the use 
of non-polarization-maintaining fibres. The additional short linear arm contains a 
combination of the above mentioned TFG and FBG spaced as closely as 
possible. TFG serves a dual purpose: it works as a polarization discriminator for 
triggering self-mode-locking through the effect of non-linear evolution of 
polarization state along the fibre [14, 15] as well as prevents the competition of 
polarization modes typical for fibre lasers with FBGs [16]. FBG acts as a 
spectral filter allowing for optimization of the generation dynamics, reducing the 
pulse duration, and improving the stability of the mode-locked operation. The 
technique of pulse shaping by intracavity spectral filtering applicable to mode-
locked fibre lasers with normal dispersion (see, e.g. [17] and references therein) 
has not yet been fully explored with regard to the long-cavity lasers. The only 
notable attempt to use an intracavity spectral filter in a long-cavity high-energy 
mode-locked fibre laser for stabilization of the lasing wavelength has been just 
recently reported in Ref. [3]. In the present work we additionally achieve ASE 
suppression caused by placing a FBG-based bandpass filter into the laser 
scheme. 
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Fig. 5.1. Schematic depiction of the “-shaped” ultra-long cavity ML 
fibre laser cavity diagram: FBG – fibre Bragg grating, TFG – tilted fibre grating, CIR 
– circulator, PC – polarization controller, DCF – dispersion compensating fibre, FM – 
Faraday mirror, WDM – wavelength-division multiplexer. 
   
The parameters of the fibre-optics elements used in the laser are as 
follows: Er-fibre — a 1.8-m-long highly-doped fibre with the erbium ion 
concentration of ~2.1×1019 cm−3 (Liekki Er30-4/125); DCF — a 1.25-km-long 
telecom dispersion-compensating fibre with an overall chromatic dispersion 
of~217 ps2 and optical losses of ~1.3 dB (Sumitomo N-DCFM-C-10-FA); FBG 
— an UV inscribed fibre Bragg grating with a peak reflectivity of ~95,55%, the 
peak wavelength of ~1540.4 nm, and the bandwidth of ~2.61 nm; TFG — an UV 
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inscribed tilted fibre grating with a blaze angle of ~45°, similar to the gratings 
reported in Ref. [12, 14]; CIR — a four-port polarization-insensitive circulator 
(Opneti CIR-4-A-1550) ; PC1, PC2 — in-line polarization controllers; WDM — 
a 980/1550-nm wavelength division multiplexor; Pump — a 980-nm fibre-
coupled pump source with the maximal output power of 400 mW; Coupler — 
fused fibre coupler with the 50/50 coupling ratio. 
Anomalous-dispersion fibre pigtails of the fibre-optics elements have been 
cut to minimal possible lengths of 15–25 cm. Their contribution into the net 
intra-cavity dispersion in the vicinity of the generation wavelength is negligible 
and does not exceed –0.07 ps2. The amount of dispersion introduced by the 
Erbium fibre is also insignificant and makes approximately –0.15 ps2. Thus, the 
total intra-cavity dispersion Σβ2 with the double-pass connection of DCF taken 
into account exceeds +433 ps2. 
Optimal parameters for certain elements, for example, the FBG bandwidth 
and the coupling ratio of the output coupler, were determined experimentally 
basing on the following criteria: high reliability of mode-locked lasing, the 
shortest duration and the highest energy of generated pulses, as well as high 
stability of the laser output parameters. 
The laser output parameters were measured by means of an optical 
spectrum analyzer having a resolution down to 0.02 nm and a high-frequency 
oscilloscope equipped with an ultra-fast photo-diode providing a temporal 
resolution within 400 ps. In addition, a broadband RF spectrum analyzer was 
used along with the same ultra-fast photo-diode in order to study intermode 
beats.  
  Fibres characteristics of the mode-locked Er fibre laser with “gamma”- 
cavity are shown in Table 4.1. 
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Table 5.1. Characteristics of fibres of the mode-locked Er fibre laser with 
”gamma”-cavity. 
Name Labeling 
scheme 
(Fig.2.1.1) 
Descriptions and parameters 
    
Additional 
fibre in ring 
part 
DCF  Dispersion compensate fibre module; 
 Sumitomo N-DCFM-C-10-FA;  
 Σβ2 DCFM ≈ +217 ps2 at 1.55 µm;  
 Length - 1.25 km 
 Attenuation - 1.3 dB per pass 
Active fibre Er fibre  Erbium -doped fibre; 
 Liekki Er30-4/125;  
 absorption 30±3 dB/m at 1,530 nm; 
 Σβ2 EF = -0.15 ps2 
 Length - 1.8 m 
Passive fibre   Standard single mode fibre; 
 Σβ2 SMF = −0.07 ps2; 
 Length – 3 m 
Total 
dispersion of 
the cavity 
 Σβ2 = Σβ2 DCFM + Σβ2 SMF + Σβ2 EF = 2*217 
ps2 − 0.07 ps2 – 0.15 ps2 = +433 ps2 
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Results and discussion. 
 
Depending on the parameters of the polarization controllers and the pre-set 
pumping power launched into the laser, both multi-pulse and single-pulse mode-
locked operation can be triggered. The settings also affect the form and the 
duration of the output pulses. Below we present the results of a study of the two 
most favorable operation modes leading to stable pulse generation at the 
fundamental repetition frequency. In the first mode of operation, the shortest 
pulse duration (~1.0 ns) is achieved, with an easily triggered start and high 
stability. The second operation mode leads to the highest pulse energy. However, 
it is less stable and with longer pulse duration. The generation dynamics in these 
two modes exhibits substantial differences. In the first mode, the generation 
spectrum is considerably narrower than the transmission bandwidth of the intra-
cavity FBG-based spectral filter. The effect of this “soft” spectral filtration is in 
reduction of the ASE level as well as in improvement of the self-mode-locking 
reliability and stability of the output parameters. In the second mode that is 
observed at higher pump powers, the generation spectrum becomes noticeably 
wider than the transmission bandwidth of the intra-cavity filter, i.e. so-called 
“strong” filtration takes place. The generation dynamics of mode-locked fibre 
lasers with normal dispersion and “strong” spectral filtering has been 
theoretically studied in [18].  Such filtering makes it possible to restrain pulse 
elongation when the pulse energy is increased. Theoretically, this type of lasing 
dynamics has been studied for particular laser configurations in [18-20]. 
 
 
98 
 
 
Mode № 1: the shortest pulse duration with high stability. 
In general, a hysteresis dependence of the operation mode parameters on 
the pump power is typical for the considered laser system. When a certain level 
of pumping power is reached (much higher than the lasing threshold), multi-
pulse partially mode-locked operation is self-triggered. In this lasing regime 
quasi-regular trains of nanosecond pulses are generated. Furthermore, at pump 
powers exceeding 200-250 mW, such trains contain noise-like pulses with an 
irregular shape of the envelope and stochastic structure. Gradual reduction of the 
pumping power leads to a corresponding decrease of the number of pulses in the 
train down to the single-pulse lasing regime (with only one pulse circulating in 
the cavity). The series of oscillograms in Fig. 5.2 illustrates such transition from 
multi-pulse lasing to the single-pulse operation mode as the launched pump 
power is reduced from 400 mW to 40 mW. Duration of the resulting pulse is ~ 
1.0 ns, as appears from the high-resolution oscillogram in Fig. 5.3a. The pulse 
train emitted from the laser operating in this mode is regular, with the pulse 
interval equal to the cavity round-trip time (~12.25 µs) as shown in the insert of 
Fig. 5.3a. The pulse repetition rate corresponds to the fundamental repetition 
frequency of ~81.6 kHz that is determined by the cavity round trip time. 
Examination of intermode beats spectra using a broadband RF spectrum analyzer 
has shown high spectral purity and good frequency stability. Even for high-order 
beats (at frequencies ∼1 MHz) the signal/noise ratio is higher than 45 dB (see 
the RF-spectrum in Fig. 5.3b). The measured intermode frequency is equal to the 
pulse repetition rate. Thus, the acquired data indicate strong mode locking in the 
laser set to operate in the described single-pulse regime. This operation mode 
(hereinafter “operation mode № 1”) is very stable with respect to any 
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environmental perturbations and fluctuations of the pump power; it can be 
continuously maintained throughout a day.  
 
Fig. 5.2. Series of oscillograms acquired from the laser output to illustrate evolution of 
the laser operation mode (from multi- to single-pulse lasing) with the change of the 
pump power. The cavity round trip time is ~12 250 ns. 
Fig. 5.3. a — oscillograms of the laser 
output during the single-pulse mode-locked 
operation (mode № 1): the red line – high 
resolution trace of a single pulse; the brown 
line (inset) – trace of the regular pulse train. 
b — intermode beats spectrum acquired 
during the single-pulse mode-locked 
operation (mode № 1); 
 
~12.3µs 
~1ns 
~81.6 kHz 
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The character of the evolution of the laser optical spectrum (Fig. 5.4) 
during the transition from the multi-pulse lasing to the single-pulse operation 
mode № 1 is in partial agreement with the spectrum variation demonstrated in 
Ref. [21] that occurs when the pump power is changing. However, the 
mechanism of emergence of the noise-like pulses at high pump powers in our 
laser is most probably different than the “peak power clamping effect” pointed 
out in Ref. [21].  In our case pulse trains occur at a repetition frequency different 
from the fundamental one and are not always uniformly distributed over the 
cavity perimeter. The major factor leading to the occurrence of such irregular 
pulses is likely to be related to wave breaking that takes place when the peak 
power exceeds a certain threshold. This might be also closely linked to the wave 
collapse mechanisms proposed and studied in [22, 23].  Another physical 
mechanism giving rise to wave breaking in ultra-long lasers may be 
perturbations caused by a strong ASE. 
The characteristic sharp edges of the optical spectrum shows the 
generation of a single pulse at the base by analogy with short laser (Fig. 5.5). 
 
Fig. 5.4. Laser radiation optical spectra acquired atdifferent pumping power levels. 
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Fig. 5.5. The optical spectrum of the first mode-locking. 
 
Despite the moderate average output power (~1.5 mW) of the laser in the 
operation mode №1, the very low pulse repetition rate allows presumably for 
accumulation of sufficiently high energy in the generated pulses.  However, a 
realistic estimate of the pulse energy requires consideration of ASE contribution 
to the laser output. 
Indeed, in long-cavity mode-locked fibre lasers, a considerable fraction of 
the pump energy may be converted into ASE, because of a significant cavity 
round-trip time and long pulse-to-pulse intervals. For example, in the long-cavity 
Erbium laser [23], the energy fraction of ASE was as high as 10% to 50% 
depending on the pulse repetition rate. In our case, the addition of an FBG-based 
spectral filter has resulted in a substantial reduction of ASE in the laser, which is 
most noticeable at high pumping powers. Energy contribution of ASE into the 
output radiation has been estimated by integration of the power spectral density 
in the single-pulse mode-locked output, in the continuous wave mode, and in the 
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ASE-source mode (with the FBG being disconnected), all at the same level of 
the pumping power. 
Output spectra in these modes of operation are presented in Fig. 5.6 (the 
average radiation power at the input of the spectrum analyzer is the same in all 
cases). Thus, in the studied single-pulse operation mode № 1, the energy 
proportion of ASE in the output radiation does not exceed, according to our 
estimate, 5%. A realistic estimate then of the output pulse energy taking into 
account the ASE factor yields a value of ~17.5 nJ.  
 
Fig. 5.6. Optical spectra of the laser radiation: the red line corresponds to the single-
pulse mode-locked output (operation mode № 1); the black line — to the CW operation 
mode; the lilac line — to the ASE-source mode (FBG). 
 
The effect of intra-cavity spectral filtering on the ASE suppression is 
noticeable even at low pump levels. As seen in Fig. 5.7, a comparison of the 
laser radiation spectrum normally acquired from the output coupler and the 
spectrum acquired from the FBG confirms this conclusion in the case of single-
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pulse operation mode № 1. One can see that the spectral power density of ASE 
components registered at the extracavity pigtail of the FBG is higher than that at 
the exit port of the output coupler. 
 
Fig. 5.7. Optical spectra of the laser radiation during the single-pulse operation mode 
№ 1: the red line corresponds to the spectrum normally acquired from the output 
coupler;  the blue line — to the spectrum acquired from the FBG. 
 
Mode № 2: the highest pulse energy. 
Single-pulse mode-locked operation with the “strong” intracavity spectral 
filtering is initiated at the maximal pumping power through re-tuning of the both 
polarization controllers. In this mode, pulses with duration of approximately 2 ns 
are generated (see the oscillogram in Fig. 5.8). Their optical spectrum that is 
wider than the transmission band of the intra-cavity filter. A comparison of the 
laser radiation spectrum normally acquired from the output coupler and the 
spectrum acquired from the FBG stresses the effect of spectral profiling (see Fig. 
5.9). The FBG-based bandpass filter not only cuts away the ASE components in 
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the radiation spectrum, but also narrows the pulse spectrum itself, which gets 
broadened again due to non-linear effects during a subsequent resonator trip.  
 
Fig. 5.8. Oscillograms of the laser output during the single-pulse operation mode № 2: 
the red line – high resolution trace of a single pulse; the brown line (inset) – trace of 
the regular pulse train 
 
Fig. 5.9. Optical spectra of the laser radiation during the single-pulse operation mode 
№ 2: the red line corresponds to the spectrum normally acquired from the output 
coupler;  the blue line — to the spectrum acquired from the FBG. 
~12.3µs 
~2ns 
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The average output power in the described operation mode (hereinafter 
“operation mode № 2”) reaches approximately 8 mW, with the ASE contribution 
not exceeding 15%. Correspondingly, the pulse energy may reach ~83.3 nJ. This 
mode is less stable than the first single-pulse operation mode and the output 
pulses are subject to decomposition under strong environmental perturbations or 
fluctuations of the pumping power. Most likely, wave breaking of these pulses 
having a sufficiently high peak power is catalyzed by a high level of ASE noise. 
Therefore the operation mode № 2 does not last a long time. In a few minutes 
(typically) the laser turns to a multi-pulse partially mode-locked lasing regime. 
The laser output has finally an intensity temporal distribution similar to the 
oscilloscope traces on top of Fig. 5.2 (the traces acquired at high pump power 
levels). 
Basing on the above results, we have chosen the first single-pulse 
operation mode, as being the most stable, low-noise, and short-pulsed, to work 
on the “master-oscillator-power-amplifier” system described in the following 
section. 
 
Amplification and compression. 
For further augmentation of the pulse energy, an Erbium-doped fibre 
amplifier (EDFA) with a double-pass configuration was used as shown in Fig. 
5.10. The double pass of laser radiation through the EDFA was arranged by 
means of a conventional three-port circulator and a Faraday mirror (which is 
finally replaced by a FBG). The circulator serves both as a unidirectional input 
and a unidirectional output providing, thus, due optical isolation of the 
amplifying stage.  In order to achieve high gain and to minimize non-linear 
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effects, we make use of a heavily doped erbium fibre (Liekki Er80-8/125) which 
features a large effective mode area and a very high erbium concentration 
(~4.7×1019 cm−3). The length of this fibre is ~1.5 m. It is core-pumped at both 
ends by means of 1480-nm fibre-coupled laser diodes delivering ~350 mW each 
one.  
 
 
Fig. 5.10. Diagram of the double-pass EDFA: CIR – circulator, PC – polarization 
controller, WDM - wavelength-division multiplexer, FBG – fibre Bragg grating, FM – 
Faraday mirror. 
 
When a Faraday mirror was used, the average radiation power measured at 
the amplifier output reached ~116 mW. However, the spectrum diagram of the 
amplified laser radiation (Fig. 5.11) makes it obvious that the most of this power 
was distributed into ASE components (up to 71%). Taking this proportion into 
account, it was estimated that the real energy in the output pulses after 
amplification did not exceed ~412 nJ. It is interesting to note that the above-
mentioned spectrum contains practically no short-wavelength ASE components. 
This may be explained by a sharply limited (from the short-wavelength side) 
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transmission bandwidth of the multiplexors (WDM) used the EDFA for injection 
of the pump radiation. 
In order to reduce the total level of ASE, the Faraday mirror was replaced 
by an FBG (similar to the grating used in the laser itself). Performing the 
function of a band-pass filter, the FBG ensures efficient suppression of long-
wavelength ASE components, as evidenced by the radiation spectrum acquired 
from the amplifier output (Fig. 5.12). When the FBG is used, the average output 
power reaches ~40 mW, the energy proportion of ASE amounts to less than 3%, 
and the improved gain allows generation of pulses with energy of ~480 nJ.  
 
Fig. 5.11. Optical spectrum of the laser radiation upon amplification in the double-pass 
EDFA with a Faraday mirror. 
 
In order to reduce the total level of ASE, the Faraday mirror was replaced 
by an FBG (similar to the grating used in the laser itself). Performing the 
function of a band-pass filter, the FBG ensures efficient suppression of long-
wavelength ASE components, as evidenced by the radiation spectrum acquired 
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from the amplifier output (Fig. 5.12). When the FBG is used, the average output 
power reaches ~40 mW, the energy proportion of ASE amounts to less than 3%, 
and the improved gain allows generation of pulses with energy of ~480 nJ.  
 
Fig. 5.12. Optical spectrum of the laser radiation upon amplification in the double-pass 
EDFA with an FBG. 
 
After amplification, the pulse duration turns out to be somewhat shorter 
than before: the oscillograms in Fig. 5.13 demonstrate that 1-ns laser pulses 
shorten to 0.9-ns pulses upon amplification. The cause of this shortening may be 
attributed both to dispersive compression coming from the anomalous dispersion 
of the active fibre and to the spectral filtering by optical elements with limited 
bandwidth that clips the wings of strongly chirped laser pulses. 
It is important to note that a rough estimate of the time-bandwidth product 
of pulses emitted by the laser yields a figure of more than 100 that may evidence 
giant chirp in the laser pulses. The net normal dispersion of the laser cavity 
ensures the positive sign of the chirp.  
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Fig. 5.13. Oscillograms of laser pulses before (red) and after (dark green) 
amplification. 
 
Taking into account the fact that the dispersion of the active fibre used in 
the EDFA (~16 ps/nm·km @ 1540 nm) is comparable to that of conventional 
telecommunication fibres which comply with G.652 standard, we also 
investigated the possibility and efficiency of in-fibre dispersive compression of 
the laser pulses by using such a telecom fibre. 
We have examined the compression of pulses using a single-mode fibre 
Sumitomo Pure Access. This fibre has anomalous chromatic dispersion of about 
17 ps/nm·km (the slope of the dispersion curve is ~ 0.09 ps/nm2·km) at the laser 
wavelength. The following results were obtained: substantial shortening of the 
laser pulses only occurs upon propagation through very long (kilometer-scale) 
sections of the fibre. Even for a moderate compression comparable to the pulse 
shortening in the amplifier, a 1-ns pulse emitted by the laser has to travel about 4 
km along the above-named passive single-mode fibre with anomalous 
dispersion. Oscillograms in Fig. 5.14 illustrate the pulse compression effects 
~0.9ns 
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resulted from propagation over the different lengths of the Sumitomo Pure 
Access fibre. The pulses were finally compressed down to 0.6 ns in a 25.5-km-
long section of this fibre. 
 
Fig. 5.14. Oscillograms of laser pulses before (red) and after (green and blue) 
propagation over different lengths of the anomalous-dispersion passive fibre. 
 
Insignificant pulse shortening that we observed in the anomalous-dispersion 
passive fibre cannot be fully attributed to conventional linear dispersive 
compression. One of the possible reasons for low compressibility may be a 
complex structure of the laser pulses [8] or significant nonlinearity of their chirp. 
Nevertheless the obtained experimental results promise the possibility of more 
substantial compression of such pulses in sufficiently long single-mode 
telecommunication fibres of standard G.652. The price of such compression 
would be a loss of the radiation energy due to optical fibre losses. 
~0.6ns 
111 
 
Summary. 
 
 We have proposed a new design of fibre laser cavity – “-configuration”, 
that offers a range of new functionalities for optimization and stabilization of 
mode-locked lasing regimes. This novel cavity configuration has been 
successfully implemented into a long-cavity normal-dispersion self-mode-locked 
Er-fibre laser. The conducted experimental study has shown that the new cavity 
design allows for efficient compensation or elimination of most destructive 
factors that affect lasing dynamics and output parameters of such lasers. In 
particular, it features compensation for polarization instability, suppression of 
ASE, reduction of pulse duration, prevention of in-cavity wave breaking, and 
stabilization of the lasing wavelength. This laser along with a specially designed 
double-pass EDFA have allowed us to demonstrate an environmentally stable 
all-fibre laser system able to deliver sub-nanosecond high-energy pulses with 
low level of ASE noise. The combination of high pulse energy and short pulse 
duration extends the range of practical applications of long-cavity mode-locked 
fibre lasers with normal dispersion. 
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6. Conclusion 
 
The development and research of novel types of ultra-long cavity mode-
locked fibre lasers are important challenges to the creation of high-energy laser 
light sources with unique parameters for a range of applications in industry, bio-
medicine, metrology and telecommunications. 
Ultra-long mode-locked fibre lasers might find new applications in recently 
proposed concept of fully classical reliable key distribution systems [1, 2].  
Extension of the boundaries of operation of mode-locked lasers might also lead 
to new applications in measurements and sensing. Another interesting direction 
of research is investigation of dispersion-managed dissipative soliton regimes [3-
5] in such ultra-long mode-locked lasers. 
However, these lasers because of the enormous length of the cavity are very 
critical to the start mode locking, as well as to external disturbances. The pulse 
generation in such lasers is due to the balance between the non-linear processes, 
the dispersion pulse broadening and intracavity loss and gain. Therefore, the 
development of such lasers must be carefully selecting of the resonator 
parameters, such as the dispersion length resonator feedback gain. 
In addition, such lasers can be generated stochastic pulse packets - 
nanosecond or picosecond package filled sub-picosecond pulses [6]. Such 
packages are no longer pulses have a large linear chirp, and therefore cannot be 
compressed to ultrashort pulses. Thus, it imposes additional criteria to set up 
ultra-long fibre lasers. If ultra-short pulses exactly are need then precise and 
accurate adjustment of the polarization controllers requires. 
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Another problem common to all fibre laser mode-locked by the NPE, 
including short lasers, is the problem of polarization controllers. Such controllers 
based upon mechanical deformation of optical fibre  [7, 8] (the fibre-coil or 
rotatable fibre squeezer approach) cannot, as a rule, retain their set parameters 
for long periods because of plastic deformations in the optical fibre made of 
amorphous fused silica. Free-space discrete wave plates or waveguide electro-
optic crystals may also be used as polarisation controllers with the caveat that 
there must be at least three such elements in order to cover all possible 
polarisation states: one half-wave phase element and two quarter-wave ones. 
These elements have long-term stability, but the adjustment of such controllers is 
more difficult. In addition to this, these controllers provide additional losses 
significant additional losses associated with the input of radiation the fibre after 
the break. 
Nevertheless, ultra-long fibre lasers allow simple (only by connecting 
additional fibres into the cavity) and relatively cheap to obtain pulse generation 
with a relatively low repetition rate and with a sufficiently large power and 
energy pulse. 
Our results indicate that the physical mechanisms underlying the operation 
of such lasers involve non-trivial nonlinear interactions of the resonator modes 
and are quite different from those in other types of lasers. Characterisation of 
pulses with giant chirp is an interesting emerging experimental area and recent 
pioneering work [2] shows that post-compression of ns-scale fibre laser pulses 
with very large chirp is feasible. And the development of new schemes will 
improve the stability of generation, as well as to optimize the parameters of laser 
radiation. 
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This thesis presents the results of research Er-doped ultra-long (more than 
1 km cavity length) fibre lasers mode-locked based on NPE. 
1. We have developed self-mode-locked erbium-based 3.5-km-long 
all-ﬁber laser with the 1.7 µJ pulse energy at a wavelength of 1.55 µm. It has 
resulted in direct generation of short laser pulses with an ultra-low repetition rate 
of 35.1 kHz. The laser cavity has netnormal-dispersion and has been fabricated 
from commercially-available telecom ﬁbers and optical-ﬁber elements. Its 
unconventional linear-ring design with compensation for polarization instability 
ensures high reliability of the self-mode-locking operation, despite the use of 
nonpolarization-maintaining ﬁbers. 
2. We have demonstrated single pulse generation regime in all-fibre 
erbium mode-locking laser based on NPE with a record cavity length of 25 km. 
Mode-locked lasers with such a long cavity have never been studied before. Our 
result shows a feasibility of stable mode-locked operation even for an ultra-long 
cavity length.  
3. We have proposed a new design of fibre laser cavity – “-
configuration”, that offers a range of new functionalities for optimization and 
stabilization of mode-locked lasing regimes. This novel cavity configuration has 
been successfully implemented into a long-cavity normal-dispersion self-mode-
locked Er-fibre laser. In particular, it features compensation for polarization 
instability, suppression of ASE, reduction of pulse duration, prevention of in-
cavity wave breaking, and stabilization of the lasing wavelength. This laser along 
with a specially designed double-pass EDFA have allowed us to demonstrate an 
environmentally stable all-fibre laser system able to deliver sub-nanosecond 
high-energy pulses with low level of ASE noise. 
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We hope that further development of ultra-long fibre lasers will create new 
high energy laser light sources with unique features for new and improved 
technologies in the field of photonics, biomedical, metrology and 
telecommunications. 
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